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ABSTRACT 
 Fallback pigs are those that fail to achieve performance in the barn equal to that of 
their contemporaries. The objective of this dissertation was to characterize fallback pigs in 
order to implement preemptive strategies to minimize the negative effects of fallback pigs 
within the larger barn or system population. To complete this objective, a total of 1,174 pigs 
were utilized in two experiments. In Experiment1, 120 weanling pigs (PIC C22/C29 × 337) 
were utilized in growth, metabolism, and comparative slaughter experiments. Forty barrows 
from each of the lightest, median, and heaviest 10% of pigs at weaning were placed in 
individual metabolism crates. Eight pigs from each weaning weight category were harvested 
on d 5 post-weaning as the initial slaughter group. The remaining 32 pigs in each category 
were part of the metabolism group, and were utilized in a 27-d growth and metabolism 
experiment and harvested on d 32 and 33 post-weaning. After the completion of the live 
animal component of the experiment, pigs within each initial BW category were further 
stratified into the slowest, median, or fastest 33% ADG categories. This resulted in a total of 
nine treatments. Fallback pigs were designated as those belonging to the slowest ADG 
category from either the lightest or median BW categories. Data were analyzed using the 
GLIMMIX procedure of SAS. There was no effect (P = 0.30) of BW(ADG) category on feed 
efficiency, which suggests that ADG improvements were primarily driven by, or at least 
associated with, ADFI. All tissue deposition rates, which were calculated as the difference 
between tissue nutrient concentrations of the metabolism and initial slaughter groups, were 
maximized (P < 0.0002) by BW(ADG) category, even when equalized per unit of body 
weight. The apparent total tract digestibility of dry matter, gross energy, nitrogen, and ash, as 
well as the related dietary energy content, were maximized (P < 0.01) by the median ADG 
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categories of pigs at the end of the experiment. Interestingly, the energy efficiency for both 
protein and lipid deposition were not altered (P > 0.87) by BW(ADG) category. There was 
no effect (P > 0.16) of BW(ADG) category on active ileal glucose, lysine, or glutamine 
transport. Meanwhile, measures of ileal morphology were greatly affected (P < 0.0001) by 
BW(ADG) category, but not in a consistent manner. Among the measures in a standard blood 
chemistry panel, creatinine, and albumin concentrations were significantly decreased (P < 
0.03) by BW(ADG) category, which may indicate dehydration or poor physiological 
regulation among fallback pigs, and is an area that warrants further exploration. Pigs from the 
slowest ADG, heaviest BW category had lower (P < 0.05) hemoglobin concentration 
compared to pigs from the fastest ADG categories, which may indicate anemia. No other 
measures, including white blood cell or lymphocyte concentrations, were affected (P > 0.10), 
suggesting that pigs had similar health status. Thus, Exp. 1 suggested that the underlying 
cause for fallback from performance lies jointly with poor feed intake and poor utilization of 
absorbed nutrients. In Experiment 2, 1,054 pigs (Danbred 600 × Newsham NC32) were 
farrowed at a commercial sow farm, weighed at birth (BRW), and tagged individually. At 16 
or 17 days of age, 1,054 pigs were weaned and moved to a commercial wean-to-finish barn. 
Mortalities were recorded on a daily basis. Pigs originated from a PRRSV negative herd, but 
broke with the disease in week 2 post-weaning. Pigs were weighed individually at weeks 0, 
3, 6, and 22 post-weaning. Average daily gain from weeks 0 to 3 post weaning was termed 
transition ADG (tADG). One pig from each of the 10
th
, 30
th
, and 70
th
 percentiles was used to 
create a ‘set’ of three pigs with the same gender, litter size and parity. Forty such sets were 
created, for a total of 120 pigs. On each of weeks 3 and 22 post-weaning, 20 sets of pigs were 
harvested to determine nutrient digestibility, carcass composition, and organ system tissue 
ix 
 
 
 
evaluation. Lung, lymph node, and digesta were analyzed for presence of various pathogens 
by PCR and culture methods. Data were analyzed using the GENMOD, GLIMMIX, and 
REG procedures of SAS. Birth weight was a good predictor (P < 0.02; R
2
 > 0.97) of overall 
post-weaning growth performance and final weight, except for the period immediately after 
weaning (P = 0.99). Transition ADG was an excellent predictor of subsequent post-weaning 
growth (P < 0.0001; R
2
 > 0.98) and a good predictor of post-weaning mortality (P < 0.0001; 
R
2
 = 0.82). There was a significant BRW × tADG interaction for mortality, where pigs from 
the 10
th
 percentile of transition ADG and BRW heavier than 1.51 kg had greater mortality 
than those with birth weights from 1.26 to 1.50 kg (P < 0.05). Neither birth weight nor 
transition ADG affected apparent total tract digestibility of nutrients or energy (P > 0.15), but 
these values were substantially lower than other values in the literature. Transition ADG did 
not affect carcass composition (P > 0.11), but pigs with BRW heavier than 1.76 had more 
backfat than all other pigs and larger longissimus muscle area at 22 weeks post-weaning than 
pigs with BRW lighter than 1.25 kg (P < 0.05). There was no correlation (P > 0.12) between 
tADG and pathogen presence at either 3- or 22-weeks post-weaning. Incidence and severity 
of microscopic lesions in the large intestine decreased linearly with increasing tADG 
(incidence: P = 0.01; 65, 55, 25% for 10
th
, 30
th
, and 70
th
 percentiles, respectively; severity: P 
= 0.01; 1.15, 0.75, 0.16 for 10
th
, 30
th
, and 70
th
 percentiles, respectively) at 3-weeks post-
weaning. Lesion incidence and severity were also affected (P < 0.04) by tADG at 22-weeks 
post-weaning. Birth weight affected (P = 0.02) Haemolytic E. coli and Salmonella spp. B 
isolation at 3-weeks post-weaning, as well as Brachyspira spp. isolation at 22-weeks post-
weaning (P = 0.05). There were no effects (P > 0.21) of BRW or tADG on serum or ileum 
mucosa scraping immune markers. Thus, Exp. 2 suggested that tADG, but not BRW is 
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related to post-weaning mortality. Both BRW and tADG are indicative of subsequent growth 
performance, but not due to differences in nutrient digestibility. Finally, poor tADG is not 
correlated with pathological or immunological markers of enteric disease. In all, the primary 
cause of fallback pigs appears to be poor feed intake. Our experiments yielded conflicting 
results if total tract nutrient digestibility varies by pig weight or growth rate, but fallback in 
pigs does not seem to be associated with differences in birth weight or disease incidence.
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
 The objective of this dissertation research project was to characterize fallback pigs in 
order to implement preemptive strategies to minimize the negative effects of fallback pigs 
within the larger barn or system population. In order to first determine these causes, we 
needed to first define the term ‘fallback pig’ and determine which type of pigs fall within this 
classification. Thus, we have identified fallback pigs as: 
“those that fail to achieve performance equal to that of their 
contemporaries.”  
Pigs can be born as fallbacks, in that they have a lighter birth weight and thus diminished 
capacity for postnatal growth due to intrauterine growth retardation. However, pigs with a 
normal or heavy birth weight can become fallback pigs due to a number of compromising 
factors, including poor nutrition, environmental conditions, or disease. Thus, the fallback pig 
category includes, but is not limited to, pigs defined as runts, tail-enders, fall-behinds, and 
those with porcine failure to thrive syndrome. Understanding the basic physiological drivers 
of fallback from normal performance can help us implement preemptive strategies to 
minimize the negative effects of fallback pigs within the larger barn population. 
Thesis Organization 
 This dissertation is written in the journal paper format permitted by the Iowa State 
University Graduate College. As such, it is comprised of seven chapters: one general 
introduction complete with literature review, five manuscripts accepted by or submitted to 
The Journal of Animal Science or The Journal of Nutrition, and one general conclusion 
complete with recommendations for future research. The first three manuscripts originate 
2 
 
 
 
from a single experiment, while the fourth and fifth manuscripts accrue from a second 
experiment. Author roles included: 
 Chapter 2: Jones, Gabler, Main, and Patience designed the research; Jones conducted 
the research, analyzed the data, and wrote the paper; Patience had primary responsibility for 
the final content. All authors read and approved the final manuscript. 
 Chapter 3: Jones and Patience designed the research; Jones conducted the research, 
analyzed the data, and wrote the paper; Patience had primary responsibility for the final 
content. All authors read and approved the final manuscript. 
 Chapter 4: Jones, Gabler, and Patience designed the research; Jones conducted the 
research, analyzed the data, and wrote the paper; Patience had primary responsibility for the 
final content. All authors read and approved the final manuscript. 
Chapter 5: Jones and Patience designed the research; Jones conducted the research, 
analyzed the data, and wrote the paper; Patience had primary responsibility for the final 
content. All authors read and approved the final manuscript. 
Chapter 6: Jones, Madson, Main, Gabler, and Patience designed the research; Jones 
conducted the research, analyzed the data, and wrote the paper; Patience had primary 
responsibility for the final content. All authors read and approved the final manuscript. 
References are listed in the ‘Literature Cited’ section within each chapter. The format 
and style for each chapter, including references, is dependent upon the journal to which it 
was submitted. Thus, Chapter 4 is formatted differently than the remainder of this 
dissertation because it was submitted to The Journal of Nutrition, while all other chapters 
were submitted to The Journal of Animal Science. The Literature Review follows the format 
of The Journal of Animal Science. 
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Literature Review 
Definition of a Fallback Pig 
The fallback pig definition is intentionally broad to include pigs with both light and 
normal birth weights, as well as pigs that underperform during all aspects of growth from 
birth through finishing. We specifically chose to define a new subset of pig – the fallback pig 
– because other terminology was either undefined, as is the case with tail-enders and fall-
behinds, or too narrowly defined, as is the case with runts and pigs with periweaning failure 
to thrive syndrome.  
By definition, a runt is,  
“an animal unusually small of its kind; especially: the smallest of a litter of 
pigs (Runt, 1998).”  
Runt pigs are certainly encompassed within the definition of fallback pigs, but the fallback 
pig category represents a broader classification that includes poor performing pigs, regardless 
of their size within the litter.  
Recently, porcine periweaning failure to thrive syndrome (PFTS) has gained 
recognition as the consensus name for postweaning catabolic syndrome and failure to thrive 
syndrome (Huang et al., 2011). By clinical definition,  
“PFTS is characterized clinically by the progressive debilitation of weanling 
(nursery) pigs in the absence of discernible and detrimental infections, 
nutritional, managemental, or environmental factors that can explain the 
clinical syndrome. At weaning, affected pigs are of average to above 
average body weight, and neither affected pigs nor their cohorts show 
evidence of residual illnesses from the suckling phase. Within 7 days of 
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weaning, pigs are anorexic and lethargic. They deteriorate and within 2 to 3 
weeks of weaning demonstrate marked muscle weakness and loss of body 
condition. Some affected pigs in all affected farms show repetitive oral 
behavior such as licking, chewing, or chomping. In affected farms, 
morbidity and mortality by batch varies by time, but case fatality is high 
(Huang et al., 2011).” 
Again, pigs with PFTS fit within the fallback pig category; however, fallback pigs also 
include those with light weaning weights. Diseases such as postweaning multisystemic 
wasting syndrome and porcine circovirus type 2 have similar pathology as fallback pigs, in 
that they have marked decreases in weight gain compared to their barn contemporaries 
(Harding et al., 1998; Allan and Ellis, 2000; Opriessnig et al., 2004).  
While our definition of fallback pigs includes those that underperform due to disease, 
it also includes pigs that perform poorer than their contemporaries due to non-disease factors 
such as nutrition or environment. There are many causes of fallback pigs, many of which 
remain undetermined or undefined. Whatever the cause, these pigs underperform compared 
with their contemporaries, forcing the producer to either compromise barn throughput or be 
subjected to light weight penalties at market.  
Because the fallback pig definition did not exist prior to this dissertation, there is no 
directly related data. Therefore, this literature review and dissertation will compare the 
pathology to previous research undertaken using pigs that are included within the fallback 
pig category, but do not represent the classification in its entirety. For example, there is an 
abundance of research regarding pigs with intrauterine growth retardation (IUGR) or PFTS. 
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Therefore, pigs with these characterizations will be utilized as comparative models to 
evaluate our results because they are the closest available to the fallback pig. 
Scope and Impact 
Field reports suggest that the incidence of fallback pigs is increasing (Huang et al., 
2011 and 2012; Moeser et al., 2012); however, the scope of the problem has yet to be 
quantified. One method to help determine the financial cost of fallback from normal 
performance is to compare the net return from a single 1,000-head wean-to-finish barn with 
low weight variation (CV = 10.75%) to that with high weight variation (CV = 25.00%) due 
to a high incidence of fallback pigs. When both barns are marketed at an average weight of 
127 kg, market pig price of $152.74/kg live weight, feed efficiency of 0.31, and average feed 
cost of $0.287/kg, the low variation barn has an increased profit of $28,673.59 compared to 
the high variation barn, primarily due to decreased carcass discounts and differences in feed 
consumption. While this example does not take into account the additional mortalities 
typically associated with fallback pigs, it demonstrates the financial impact that an increased 
incidence of fallback pigs may have within a single barn. If one were to multiply this impact 
across an entire system, it is clear that there is a financial motive to identify the biological 
causes of fallback pigs and create more targeted management practices to minimize their 
incidence and impact on net returns. 
The financial advantages of two different fallback pig management strategies have 
been reported in literature. In one example, the lightest 15% of pigs were moved to a hoop 
barn at closeout in order to increase barn turnover rate within the total slatted-floor barn 
without compromising average carcass weight (Fangman and Zulovich, 2000). In this 
example, the heaviest 85% pigs in a finishing barn were marketed at 118 days, while the 
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lightest 15% of pigs were moved to the hoop facility. This resulted in a 10-d reduction in the 
use of the total slatted-floor barn, which increased barn turnover rate from 2.86 to 3.10 turns 
per year, in turn increasing the net return per pig space by $4.85 (Fangman and Zulovich, 
2000). The net return on the lightest 15% of pigs was highly dependent upon sort loss 
associated with marketing, and ranged from a profit of $2.24 per pig to a loss of $17.46 per 
pig. Still, this example may be a profitable strategy for producers with a high incidence of 
fallback pigs when space is limited and there are available alternate facilities. 
Another management strategy was outlined by Morrow et al. (2004), and utilized 
moderate or conservative euthanasia protocols to manage 51,041 compromised nursery pigs. 
One of the 11 categories of criteria for determining a pig to be compromised was having a 
light body weight compared to its cohorts; however, the extent of the weight difference was 
not described. The researchers found that average light weight pig value was slightly greater 
when utilizing the more conservative euthanasia protocol ($23.37 ± 2.001 vs. $19.45 ± 1.974 
for conservative vs. moderate protocol, respectively). However, this increased value came at 
the expense of much poorer welfare scores (27.8 ± 6.28 vs. 10.6 ± 4.97 for conservative vs. 
moderate protocol, respectively; higher scores = poorer welfare). The researchers concluded 
that in this instance, nursery pig welfare can be improved in an economical manner by 
immediate euthanasia of compromised pigs, including those with a low body weight 
compared to their contemporaries. 
While these examples are very rudimentary in nature, they are the only published 
economic analyses regarding the impact of fallback pigs within a system. Clearly, additional 
research is necessary, but these studies confirm the need for more targeted fallback pig 
management strategies to improve both net returns and animal welfare. In order to create 
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these management strategies, one must first understand the physiological and biological 
differences between fallback pigs and their normal cohorts. 
Potential Causes of Underperformance 
 There are multiple factors that may be responsible for pigs failing to achieve 
performance in the barn equal to that of their contemporaries. They may include low birth 
weight, psychological or environmental stress, nutritional restriction, or increased disease 
incidence or susceptibility (Mahan and Lepine, 1991; Pluske, 1995). While other factors 
certainly exist, this literature review will focus on the two primary causes of 
underperformance related to the research within this dissertation: nutritional restriction and 
increased disease incidence.  
Nutritional Restriction 
 Nutrient deprivation is a primary cause of underperformance (Stanton and Carroll, 
1974). Nutritional deficiencies may occur during both the prenatal and postnatal period; both 
have been demonstrated to be detrimental to subsequent growth performance (Wigmore and 
Stickland, 1983; Wu et al., 2006). Therefore, nutritional restriction was a principal 
hypothesis as to why fallback pigs underperform compared to their contemporaries. 
Prenatal Nutritional Restriction 
In 1992, Hales and Barker proposed the ‘thrifty phenotype hypothesis’ suggesting 
that mammals deprived of adequate fetal nutrition develop physiological defects or 
deficiencies that lead to poor postnatal growth due to fetal programming. This hypothesis has 
been largely confirmed because maternal malnutrition has been shown to alter cell 
proliferation within adipose tissue, skeletal muscle, pancreatic β-cells, the kidney, and the 
liver in order to protect brain development (Hales and Barker, 1992; McMillen and 
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Robinson, 2005; Murphy et al., 2006). While the thrifty phenotype hypothesis was built upon 
the foundation of metabolic syndrome, its concept can be applied to fallback pigs. The results 
of fetal malnutrition appear to be similar, regardless of species (Baker et al., 1969; Pond et 
al., 1969; Wootton et al., 1983; Wallace et al., 2000; Wu et al., 2004). Instead of following 
the path of Hales and Barker (1992) by examining the effects of β-cell function and insulin 
resistance, we can apply the thrifty phenotype hypothesis to pork production and use it as a 
model to study variation in growth. Within the pig, the chief causes of fetal malnutrition 
include limited uterine capacity and maternal nutrient deficiency (Wu et al, 2006). Fetal 
growth is affected by several factors, including nutrition, genetics, environment, and 
maternal maturity (Wu et al., 2006). When fetal growth is negatively affected by these 
factors, the result is often intrauterine growth retardation (IUGR). According to Wu et al. 
(2004), IUGR is,  
“impaired growth and development of the mammalian embryo/fetus or its 
organs during pregnancy.”  
Several review papers extensively outline the causes and implications of IUGR, and all 
demonstrate that uterine environment and nutrition affects pigs both prenatally and 
postnatally (Wu et al., 2004; McMillen and Robinson, 2005; Wu et al., 2006).  
Causes of Prenatal Nutritional Restriction 
 Major contributors to IUGR are limitations in uterine space and position in utero 
(Wigmore and Stickland, 1983; Knight et al., 1977; Wilson, 2002). Increasing production 
demands have resulted in an annual increase of 0.12 pigs born per litter since 2006 (USDA, 
2011). Research suggests that these increases in litter size result in linear decreases in mean 
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birth weights and linear increases in the percentage of pigs with birth weights less than 1 kg 
(Quiniou et al., 2002; Beaulieu et al., 2010). 
Limited Uterine Capacity 
Increasing the number of fetuses per litter causes increased competition for nutrients 
among the fetuses, which in turn decreases blood flow and nutrient delivery to each fetus 
(Town et al., 2005). Nutrient delivery to fetuses within the uterine horn does not vary until 
after 35 d of gestation (Anderson and Parker, 1976). However, uterine capacity begins to 
limit nutrient delivery to fetuses after this time (Knight et al., 1977; Père et al., 1997). Perry 
and Rowell (1969) demonstrated that fetuses closer to either the uterotubal junction or cervix 
are heavier than fetuses in the middle of the uterine horn, particularly when there are more 
than 5 fetuses per horn. 
 Poor Maternal Nutrition 
 Reduced fetal growth may also occur as a result of maternal malnutrition due to low 
feed intake or physiological limitations (Thomas and Kott, 1995; Reynolds et al., 2005; Wu 
et al., 2006). Compared to other mammals, pregnant swine have greater ability to mobilize 
stored body nutrients for placental and fetal development, so moderate nutrient deprivation 
does not typically result in IUGR (Anderson, 1975). However, extreme reductions in DE 
intake during gestation (2.2 Mcal/d vs. 8.0 Mcal/d) have been shown to reduce piglet birth 
weight, gastrocnemius myofiber numbers, and liver glycogen concentrations (Buitrago et al., 
1974). More often, maternal malnutrition resulting in IUGR is caused by insulin resistance 
(Wu et al., 2006).  Insulin resistance typically occurs in sows during late gestation when free 
fatty acid concentrations are elevated in response to negative energy balance; in this manner, 
the dam utilizes fatty acids as a fuel source so that glucose and amino acids can be spared to 
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be transported to fetuses (Kemp et al., 1996; Bell et al., 2000; Ferguson, 2005; Jobgen et al., 
2006; Wu et al., 2006).  
Insulin resistance is particularly problematic with regards to IUGR (Wu et al., 2006). 
During protein synthesis, arginine is often methylated by arginine N-methyltransferase. 
Insulin resistance results in proteolysis, and thereby increases methylarginine concentrations 
in plasma (Leiper and Vallance, 1999). Methylarginine inhibits nitric oxide synthase, which 
is the enzyme responsible for converting L-Arg to nitric oxide and citrulline (Leiper and 
Vallance, 1999). Bird et al. (2003) demonstrated that nitric oxide is the primary regulator of 
uteroplacental blood flow by serving as a vasorelaxer. Thus, poor maternal nutrition resulting 
in insulin resistance increases IUGR prevalence by decreasing nutrient and oxygen delivery 
to fetuses during late gestation (Wu et al., 2006). 
In addition to its role in uteroplacental blood flow, Arg is also important for fetal 
skeletal muscle formation because it is an indirect regulator of the mammalian target of 
rapamycin (mTOR; Du et al., 2004). Arginine, Gln, and Leu concentrations are decreased in 
fetuses with IUGR compared to normal pigs (Wu et al., 1998; Kwon et al., 2004; Meijer and 
Dubbelhuis, 2004). This is likely the reasoning behind pigs with IUGR having decreased 
muscle mass, because both Arg and Leu have been shown to regulate p70 S6 kinase and the 
phosphorylation of 4E-BP1 in intestinal epithelial cells (Ban et al., 2004). Dietary L-Arg 
supplementation has also been associated with increased phosphorylation of 4E-BP1 in the 
longissimus muscle of neonatal piglets. These are important findings because phosphorylated 
4E-BP1 disassociates with eIF4E, which then allows eIF4E to bind to 5’-capped mRNAs 
(Pause et al., 1994). Thus, Arg and Leu concentrations are important to create an active 
eIF4G·eIF4E complex, which is responsible for initiating cap-dependent polypeptide 
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synthesis (Gingras et al., 1999; Raught and Gingras, 1999; Yao et al., 2008). Low fetal Arg 
or Leu concentrations due to poor maternal nutrition can therefore reduce fetal skeletal 
muscle protein synthesis by directly reducing mTOR signaling. 
Consequences of Prenatal Nutritional Restriction 
There are numerous consequences of prenatal nutritional restriction. Stanton and 
Carroll (1974) showed that IUGR-associated low birth weights are the largest contributor to 
pre-weaning mortality, and it is the variation within these low birth weight litters that leads to 
especially low survival percentages (Milligan et al., 2002). In addition to increased morbidity 
and mortality, low birth weight has been linked to decreased myofiber number and increased 
myofiber size, particularly in the case of primary and secondary fibers (Bee, 2004; Rehfeldt 
and Kuhn, 2006; Gondret et al., 2006), but not necessarily pork quality (Bérard et al., 2008 
and 2010; Beaulieu et al., 2010). Growth rate is also compromised in IUGR pigs, possibly 
due to fetal programming. Waterland and Jirtle (2004) demonstrated that epigenetic changes 
in embryos can affect subsequent development, primarily through DNA methylation and 
histone modification (Jaenisch and Bird, 2003; Wu et al., 2006). This is an area of science 
that needs additional research, but current hypotheses are that gene expression is modified by 
changing chromatin conformation or the affinity with which histone binds to DNA (Jaenish 
and Bird, 2003; Wu et al., 2006). Regardless of the mechanism, IUGR increases mortality 
and morbidity, decreases birth weight, alters muscle fiber structure, and results in fetal 
programming responsible for depressed postnatal growth. Clearly, prenatal nutritional 
restriction can be linked to postnatal underperformance. 
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 Postnatal Nutritional Restriction 
 Even with adequate prenatal nutrition, pigs can still underperform due to postnatal 
conditions such as nutrient restriction. Underperformance of pigs with normal weaning 
weights appears to be increasing. It is particularly frustrating for producers because normal 
weaning weight pigs are likely to have greater genetic potential for growth than pigs with 
light weaning weights (Huang et al., 2011).  
 Causes of Postnatal Nutritional Restriction 
The primary contributor to underperformance due to postnatal nutritional restriction is 
low feed intake (Ellis and Augspurger, 2001). However, postnatal nutritional restriction can 
also occur due to low nutrient digestibility or poor nutrient utilization. 
Limited Nutrient Intake 
 Typically, 55 to 69% of the variation in post-weaning growth performance can be 
attributed to feed intake (Patterson and Aherne, 2001). Feed intake can be influenced by a 
number of factors, including physiological regulation, dietary factors, or even animal and 
environmental influencers (Ellis and Augspurger, 2001; Nyachoti et al., 2004). 
Unfortunately, it is unknown if limited nutrient intake is a cause or effect in regards to 
fallback pigs. Still, understanding its influencers is vital to understanding its effect on the 
fallback pig. 
Regulation 
 Feed intake regulation is highly complex, involving the hypothalamus and other parts 
of the central nervous system, hormonal secretion, and multiple biochemical pathways 
(Martin et al., 1989). The primary controllers of satiety or hunger are neuropeptides. 
Neuropeptide YY and agouti-related peptide (AgRP) are orexigenic signals released from the 
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lateral ventromedial section of the arcuate nucleus of the hypothalamus (Powley, 1977). 
These neuropeptides stimulate feed intake and inhibit energy expenditure. The ventromedial 
section of the arcuate nucleus releases pro-opiomelanocortin (POMC) and cocaine and 
amphetamine regulated transcript (CART; Kristensen et al., 1998). Pro-opiomelanocortin is 
converted to α-melanocyte stimulating hormone (α-MSH); and together, CART and α-MSH 
are anorexigenic to inhibit feed intake and stimulate energy expenditure (Elias et al., 1998). 
 The secretion of neuropeptides is regulated by hormones such as ghrelin, leptin, 
insulin, cholecystokinin (CCK), glucagon-like peptide-1 (GLP-1), and peptide tyrosine-
tyrosine (PYY; Stanley et al., 2005). Ghrelin is secreted primarily by gastric oxyntic cells, 
and it stimulates neuropeptide Y and AgRP secretion to increase appetite by communicating 
with the hypothalamus via the vagus nerve (Date et al., 2000).  
Other hormones are anorexigenic. Leptin and insulin, which are secreted from 
adipose tissue or the pancreas, respectively, stimulate POMC and CART neuropeptide 
secretion, which in turn increases α-MSH and CART concentrations to decrease appetite and 
increase satiety (Schwartz et al., 1992; Mercer et al., 1996). These hormones also inhibit 
neuropeptide Y and AgRP secretion; however, leptin communicates with the brain stem and 
hypothalamus via the vagus nerve, while insulin communicates with the hypothalamus 
directly (Stanley et al., 2005).  
Another anorexigenic hormone is CCK, which regulates protein and fat digestion by 
controlling bile salt release and gastric emptying. The hormone is widely distributed 
throughout the gastrointestinal tract, but is primarily secreted by both the pancreas and the 
enteroendocrine cells of the small intestine (Larsson and Rehfeldt, 1978). It also inhibits feed 
intake by signaling the brain stem via the vagus nerve (Stanley et al., 2005). Finally, the 
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intestinal L cell secretes both GLP-1 and PYY (Adrian et al., 1985). The secretion of GLP-1 
stimulates insulin secretion in a glucose-dependent manner, and stimulation of GLP-1 
receptors in the hypothalamus decreases feed intake in fasted rats (Turton et al., 1996). 
Peptide YY is anorexigenic because it is a homologue of neuropeptide Y, thereby reducing 
neuropeptide Y and AgRP secretion and suppressing appetite (Ekblad and Sundler, 2002). 
The hormone communicates directly with the hypothalamus to slow gastric emptying, as well 
as decrease gastric and pancreatic secretions (Hoentjen et al., 2001). Interestingly, PYY is 
released prior to nutrients actually reaching the gastrointestinal L cells; thus PYY may be 
released by neural reflex (Fu-Cheng et al., 1997; Ekblad and Sundler, 2002). 
 Pigs with IUGR have been demonstrated to have lighter relative stomach weights 
than their normal contemporaries (Wang et al., 2005). This has been linked to postnatal 
hyperphagia in rats (Desai et al., 2005) and altered gene expression of neuropeptide Y, pro-
opiomelanocortin, and AgRP (McMillen et al., 2005; Plagemann, 2005; Ikensasio-Thorpe et 
al., 2007). Nagata et al. (2011) demonstrated that plasma concentrations of grehlin and 
gastric gene expression were elevated in both newborns and adults with IUGR compared to 
those without IUGR. Meanwhile, newborns with IUGR had elevated gene expression and 
plasma concentrations of anorexgenic peptides such as PYY and CCK, but these hormones 
were not different in adults (Nagata et al. 2011). These changes in gene expression and gut 
peptide secretions are the proposed driver of postnatal consequences in IUGR mammals 
(Desai et al., 2005).  
Diet  
 In most instances, pigs will attempt to eat to a common daily energy intake regardless 
of diet, but this is not always the case (Patience et al., 1995). Pigs will attempt to increase 
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feed intake when fed a lower energy diet compared to a higher energy diet; potential 
limitations to achieving a desired daily energy intake include adequate feeder space, feeding 
time, environmental conditions and gut capacity (Cole et al., 1971; Smith et al., 2004). 
Moreover, the composition of gain may change based on dietary energy supply (Oresanya et 
al., 2008; Beaulieu et al., 2009). Unfortunately, it is often difficult to determine feed intake 
because it is influenced by many variables (Nyachoti et al., 2004). For example, Friesen et al. 
(1994) demonstrated that pigs will increase feed intake when fed a diet deficient in crude 
protein. However, several other researchers have shown that grow-finish pigs have reduced 
feed intake when diets are deficient in protein or improperly balanced for amino acids 
(Rogerson and Campbell, 1982; Henry et al., 1992; Hahn and Baker, 1995; Ellis and 
Augspurger, 2001). Meanwhile, vitamin or mineral deficient diets reduce feed intake in a 
consistent manner, primarily because they serve as biochemical reaction cofactors or rate-
limiting building blocks for skeletal or muscle development (Combs et al., 1991; NRC, 1998; 
Ellis and Augspurger, 2001).  
  Animal and Environmental Variation 
 Feed intake is a low to moderately heritable trait (h
2
 = 0.16-0.35; Wyllie et al., 1979; 
Standal and Vangen, 1983; de Haer and de Vries, 1993). Still, the animal’s genotype is one 
of the largest contributors to differences in voluntary feed intake. Another primary 
contributor is environmental stress. For instance, temperature extremes, short photoperiods, 
limitations in floor or feeder space, and increased group mixing have all been shown to 
decrease feed intake (McGlone et al., 1988; Giles et al., 1998; Hyan et al., 1998; Patience et 
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al., 2005). However, it is unknown if these stressors affect nutrient intake beyond differences 
in voluntary feed intake, and are therefore causes of fallback from group performance. 
Low Nutrient Digestibility 
 Nutrient digestibility differences can be explained by either the digestion or 
absorption of nutrients by the gastrointestinal tract. Thus, digestive and absorptive capacity 
from the mouth through the distal large intestine must be considered as potential causes of 
impaired growth. 
Digestion 
Mouth and Salivary Glands  
 Digestion begins in the mouth, where some particle size reduction occurs due to the 
pig’s 44 teeth (Yen, 2001). In addition to this limited grinding activity, the principle role of 
the mouth in digestion is to secrete saliva from the parotid, mandibular, and sublingual 
glands. Saliva is comprised of water, bicarbonate, mucins, amylase, IgA, growth factors, and 
possibly lingual lipase (Walsh et al., 1999). Salivary secretions are controlled by the 
autonomic nervous system (Argenzio, 1993). Acinar cells release electrolytes, proteins, and 
mucins, while ductular cells modify the composition of saliva by changing ion concentrations 
(Schneyer and Hall, 1991). While salivary amylase secretion begins the digestion process, it 
is only responsible for 0.0004% of the amylase secretion within the pig because its optimal 
pH is 6.7 and thus is inactive in the low pH conditions present in the stomach (Coring, 1980). 
Lingual lipase is vital for suckling pigs, but its importance decreases with increasing age. It 
cleaves a triacylglycerol (TAG) at the sn-3 position, yielding a fatty acid (FA) and a 1, 2 
diacylglycerol (DAG; Tso, et al., 2006).  
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 Salivary amylase secretions have been shown to increase in response to stressors 
(Schneyer and Hall, 1991; Chatterton Jr. et al., 1997; Walsh et al., 1999). Assuming that 
fallback pigs have a greater stress load than their contemporaries, we could hypothesize that 
they also have greater salivary amylase secretion. Additionally, lingual lipase has been 
demonstrated to be resistant to acid inactivation, deeming it vitally important in a low birth 
weight mammal that likely has an underdeveloped pancreas and therefore low pancreatic 
amylase and lipase secretions (Fredrikzon et al., 1982). One must consider the small 
magnitude of amylase production from saliva compared to the pancreas, which may deem it 
biologically irrelevant. However, lingual lipase upregulation or increased weaning age could 
be a possible strategy to minimize fallback pigs during the suckling stage, particularly in pigs 
with an older weaning age. 
Stomach 
 The stomach is responsible for mixing, particle size reduction, pH reduction, mucus, 
lipase, and protease secretion, hormonal regulation of feed intake, and controlling gastric 
emptying (Yen, 2001). There are four sections within the stomach: the esophageal, cardiac, 
fundic, and pyloric regions. The esophageal region is a nonglandular extension of the 
esophagus. Without mucus protection, this area is particularly sensitive to gastric ulcers if 
digesta viscosity is low (Ellis and Augspurger, 2001). The cardiac region contains mucus 
cells which secrete both mucus and bicarbonate to protect the region from low stomach pH 
(Hunt, 1959). These two areas are considered to be part of the proximal stomach with the 
primary function of regulating gastric emptying (Cullen and Kelly, 1993). The fundic region 
contains mucus neck cells, parietal cells, and chief cells, which produce mucus, HCl, and 
proteases (Hunt, 1959). The pyloric region also contains mucous neck cells and chief cells 
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(Yen, 2001). The fundic and pyloric regions are considered to be part of the distal stomach, 
which has peristaltic contractions that are responsible for mixing digesta (Cullen and Kelly, 
1993). While relative stomach size has been shown to be greater in fallback pigs, there is no 
indication that the proportions of stomach regions differ among pigs (Jones et al., 2012). 
Stomach pH is controlled by parietal cells, which secrete HCl. Production is 
stimulated by cephalic stimuli, stomach distension, and intestinal stimuli (Walsh, 1988). 
Thus, acid secretion is directly controlled by paracrine, endocrine, and neurocrine signals. 
When parietal cells are activated, their surface area expands, microvilli lengthen, and 
tubulovesicules with H
+
, K
+
-ATPase proteins disappear (Agnew et al., 1999). The H
+
, K
+
-
ATPase pump requires 1 ATP in order to move 1 H
+
 into the lumen and 1 K
+
 into the cell 
against the concentration gradient (Yao and Forte, 2003). In response, K
+
 moves back into 
the lumen through a K
+
 channel, taking with it a Cl
-
 through a Cl
-
 channel in order to 
maintain cellular osmolality. In this manner, the activated parietal cell utilizes ATP to 
circulate K
+
 between the lumen and parietal cell in order to release H
+
 and Cl
-
 into the lumen 
of the stomach (Yao and Forte, 2003). This is part of the membrane-recruitment-and-
recycling hypothesis, where the parietal cell cycles between resting, secreting, early 
recycling, and late recycling stages (Forte and Yao, 1996).  
 Chief cells secrete pepsin and chymosin, which are proteases secreted as zymogens 
and require a conformational change by low pH in order to be activated (Foltmann et al., 
1995). Immediate catalysis rapidly activates these zymogens in the low pH of the stomach. 
Pepsin, which is secreted as pepsinogen, is the primary hydrolytic enzyme in growing pigs, 
and it hydrolyzes peptide bonds between L-amino acids (Neuburger et al., 1972). It is an 
endopeptidase that is most active at a low pH and preferentially hydrolyzes amino acids with 
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aromatic side chains, then glutamine, followed by cysteine (James and Sielecki, 1986). 
Chymosin, which is secreted as prochymosin, is important in the suckling period (Cranwell, 
1995). Chymosin serves as a milk-clotting enzyme, allowing peptides and immunoglobulins 
to pass the luminal barrier without degradation (Yen, 2001). 
 Few experiments have studied the effect of birth weight or growth performance in 
relation to gastric secretion, and those that have showed little effect (Lemieux et al., 1999). 
Huang et al. (2012) demonstrated that pigs with PFTS have an increased susceptibility to 
superficial lesions in the fundic area of the stomach, which was likely due to decreased 
mucus production. However, the researchers concluded that these lesions were secondary to 
anorexia, not disease incidence (Huang et al., 2012). Thus, it is possible that intake and not 
gastric secretions are responsible for pigs falling back from performance. 
Meanwhile, gastric emptying is regulated by a pressure gradient at the pyloric 
sphincter between the stomach and duodenum (Low and Zebrowska, 1989). Thus, increasing 
meal size or water volume increases the rate of gastric emptying (Read and Houghton, 1989). 
However, feed particle size, digesta viscosity, and diet complexity have also been 
demonstrated to alter gastric emptying (Yen, 2001). The rate of gastric emptying is difficult 
to measure because of inconsistent or unreliable techniques across laboratories, but it appears 
to only be related to intake and stomach distention, not birth weight or other possible 
epigenetic factors (Newell et al., 1993). 
Small Intestine 
 The small intestine is composed of four layers, the mucosa, submucosa, muscularis, 
and serosa and is divided into three sections: the duodenum, jejunum, and ileum (Yen, 2001). 
The mucosa and submucosa layers contain circular folds of Kerckring, which are covered in 
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mucosal projections called villi. Individual villi contain their own capillary and lymphatic 
network (Low and Zebrowska, 1989). The luminal surface of each villus is comprised of 
individual cells with a nucleus, golgi apparatus, ribosomes, and mitochondria. At the base of 
each villous is a crypt of Lieberkuhn, which contains stem cells that are capable of 
differentiating into various cell types. During mitosis, one of the daughter cells remains a 
stem cell in the crypt while the other becomes part of the epithelial lining, thus replacing 
epithelial cells sloughed at the villous tip (Yen, 2001). If various stressors increase sloughing 
at a greater rate than cell mitosis and differentiation, villous atrophy occurs. As a result, 
mitosis increases, which deepens crypts. A classic example of a stressor that induces villous 
atrophy and crypt deepening is weaning (Tang et al., 1999).  
The most prevalent cells within the epithelial lining are enterocytes, or intestinal 
epithelial cells, which have microvilli projections on the luminal surface. These microvilli are 
referred to as the brush border, and contain digestive enzymes within the glycocalyx 
(Gropper et al., 2005). However, the small intestinal epithelial lining also contains goblet 
cells, paneth cells, enteroendocrine cells, and M cells (Pácha, 2000). Goblet cells are 
distributed within the epithelial lining and produce viscous mucus.  Paneth cells are located 
in the crypts of Lieberkuhn and provide a host defense against luminal antigens by regulating 
barrier function by secreting various antimicrobial peptides (Pácha, 2000). Enteroendocrine 
cells are those responsible for the secretion of intestinal hormones, such as gastric inhibitory 
polypeptide, CCK, and secretin (Yen, 2001). Finally, M cells are vital to the intestinal 
defense system because they deliver antigen to antigen-presenting cells and lymphocytes 
located within the lamina propria, which is also part of the mucosal layer (Pácha, 2000). 
Below the mucosa layer, the submucosa, muscularis, and serosa have few digestive functions 
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(Low and Zebrowska, 1989). The muscularis is responsible for peristalsis, but the remaining 
layers primarily provide muscular and circulatory support for the mucosa and mesenteric 
layers (Yen, 2001).  
Like all epithelial cells, those within the small intestine are held together by four 
different types of junctions (Friend and Gilula, 1972). Tight junctions are located along the 
apical region of the cell. Tight junctions are regulated by the interaction of claudins, F-actin, 
occludin, and zonula occludens 1 (Turner, 2009). Meanwhile, adherens junctions are 
associated with intracellular adhesion and the interaction between the plasma membrane and 
actomyocin (Tsukita et al., 2001). A third type of junction, called desmosomes link to 
intermediate filaments instead of actin (Tsukita et al., 2001). Finally, gap junctions permit the 
coordination of epithelial functions such as enzyme secretion by allowing small signaling 
molecules to be transported (Friend and Gilula, 1972). These four junctions are important in 
maintaining the structure and integrity of the intestinal epithelium because they hold cells 
together and serve as functional barriers to maintain cellular polarity and regulate molecular 
transport from the lumen to the systemic circulation.  
A major component of small intestine digestion is the secretion of pancreatic 
enzymes, such as amylase, peptidases, and lipases. Intestinal enzymes such as lactase, 
sucrose, maltase, aminopeptidases A and N and alkaline phosphatase are also important in 
digestion. The vast majority of α-amylase is secreted from the pancreas (Quezada-Calvillo et 
al., 2006). It hydrolyzes endogenous α-1,4 bonds of amylose and amylopectin to yield 
maltotriose, maltose, glucose, and limit dextrins, and it is most active at pH 6.7 – 7.0 
(Quezada-Calvillo et al., 2006). Disaccharaidases within the brushborder further convert 
disaccharides into individual sugars so they can be absorbed. 
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Pancreatic peptidases are released in response to secretin and CCK (Stevens, 2006). 
Similarly to gastric proteases, pancreatic proteases are released as zymogens that are 
activated by enterokinase (trypsinogen) or trypsin (trypsinogen, chymotrypsinogen, and 
procarboxypeptidase A and B; Stevens, 2006). Trypsin and chymotrypsin are both 
endopeptidases, but trypsin hydrolyzes bonds adjacent to Lys and Arg, while chymotrypsin is 
more specific for bonds adjacent to Phe, Tyr, Trp, Met, Asn, or His (Stevens, 2006). 
Procarboxypeptidases are exopeptidases that cleave peptide bonds at the C-terminal end 
(Stevens, 2006). 
Pancreatic lipases cleave a TAG at the sn-1 and sn-3 position, yielding two FA and a 
2-monoacylglyceride (MAG; Tso et al., 2006). Co-lipase is produced when trypsin cleaves 
pro-colipase, which increases TAG hydrolysis (Tso et al., 2006). Phosphatidylcholine, a 
phospholipid, is hydrolyzed by phospholipase A2, which cleaves a FA at the sn-2 position 
(Tso et al., 2006). Finally, cholesterol is typically absorbed directly and does not need 
digestion. When it is in a micelle form, cholesterol esterase, secreted by the pancreas, has 
broad esterase activity to yield free sterols (Tso et al., 2006). 
Growth rate, IUGR, and birth weight all have significant links to small intestine 
architecture. For example, IUGR mammals have decreased intestinal weight, wall thickness 
and villus height, and increased crypt depth (Avila et al., 1989; Xu et al., 1994). These 
differences are largely attributed to increased intestinal cell apoptosis, which occurs at a 
greater rate than stem cell differentiation within the crypt (Potten, 1992). However, Wang 
(2010) demonstrated that IUGR piglets have 56 differentially expressed jejunal proteins from 
to normal pigs. Included in these proteins is the downregulation of ezrin and villin 1, which 
are located in the microvilli and are required for cell surface adhesion, and thereby likely 
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affect nutrient digestibility (Saleh et al., 2009). Additionally, chymotrypsinogen B is 
downregulated, a peptide responsible for chymotrypsin secretion (Andelson et al., 1986). 
Meanwhile, PFTS has also been associated with changes in small intestine structure. Huang 
et al. (2012) observed villous atrophy in all three portions of the small intestine. The 
observations were confirmed by Moeser et al. (2012), who found that pigs with PFTS had 
reduced villous height and increased crypt depth compared to their contemporaries, 
particularly in the ileum.  
Large Intestine 
 The large intestine has a similar structure as the small intestine in that it is comprised 
of the mucosa, submucosa, muscularis, and serosa layers (Maton et al., 1993). However, the 
large intestine contains only crypts and no absorptive villi (Maton et al., 1993). There are a 
larger number of goblet cells, and thus mucus secretion is greater in the large intestine 
compared to the small intestine (McNeil, 1984). This mucus protects the large intestine lining 
from the high bacterial activity of the digesta. The bacteria located within the large intestine 
are important for digestion of complex carbohydrates and proteins that were not digested in 
the small intestine. It can produce lactate and short-chain fatty acids, which can serve as fuel 
to colonic cells or whole body metabolism if present in sufficient quantities (McNeil, 1984). 
However, two primary roles of the large intestine are to absorb water from digesta and 
excrete waste. Elevated large intestinal weight relative to total body weight has been 
associated with IUGR, but the causative mechanisms have yet to be elucidated (Aucott et al., 
2004). Meanwhile, PFTS has been associated with superficial colitis, suggesting that again 
PFTS may downregulate mucus production, leaving the area susceptible to the invasion of 
inflammatory agents and pathogens (Huang et al., 2012). 
24 
 
 
 
  Poor Nutrient Utilization 
 Even if nutrients are absorbed into enterocytes, poor nutrient utilization can still result 
in postnatal nutritional restriction. The largest contributors to poor nutrient utilization in 
fallback pigs appear to be differences in enterocyte metabolism, oxidative stress, and the 
somatotropic axis. 
Enterocyte Metabolism 
 Light birth weight has been demonstrated to downregulate the expression of enolase 
1, fructose-bisphosphate aldolase A, and triosephosphate isomerase enzymes within jejunum 
enterocytes (Wang et al., 2010). Enolase, or phosphopyruvate hydrolase, converts 2-
phosphoglycerate to phosphoenolpuyruvate in glycolysis (Zhang et al., 1997). Fructos-
bisphosphate aldolase A, often called aldolase, catalyzes the production of dihydroxyacetone 
phosphate and glyceraldehyde 3-phosphate from fructose 1,6-bisphosphate (Siebers et al., 
2001). Finally, triosephosphate isomerase converts dihydroxyacetone phosphate to 
glyceraldehyde 3-phosphate (Knowles, 1991). Thus, a decrease in these three enzymes 
results in decreased glycolysis and therefore increased glucose utilization within the 
enterocyte. Thus, IUGR has been hypothesized to decrease glucose transport across the 
epithelium, but this hypothesis has not been verified. Epithelial absorption and transport of 
lipids does not appear to be affected by IUGR (Wang et al., 2010). However, protein 
enterocyte metabolism is clearly a factor in IUGR. Aminoacylase I concentrations have been 
shown to be downregulated within the IUGR gut compared to a normal pig (Wang et al., 
2010). This could have substantial implications for intraepithelial utilization of amino acids 
because the enzyme is responsible for catalyzing N-acyl-L-amino acids to carboxylate and L-
amino acids; thereby making it important for Arg synthesis within the enterocyte (Wu et al., 
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2009). Arginine is a precursor for Glu; thus its importance within the enterocyte is magnified 
(Wu and Morris, 1998). This is because, unlike many other organs in the body, enterocytes 
derive the majority of their energy from the catabolism of amino acids. Primarily, Glu, Gln, 
and Asp are utilized as energy sources. Of these, Glu is the most important because it is a 
precursor for α-ketoglutarate in the TCA cycle, Pro for the urea cycle, glutathione for 
controlling oxidative stress, and transamination to a variety of AA (Souba et al., 1985). 
Oxidative Stress 
 Free radical cell damage from oxidative stress may limit nutrient utilization within the 
body. An imbalance in the concentration of reactive oxygen species may decrease 
glutathione effectiveness, triggering epithelial cell apoptosis or necrosis (Schafer and 
Buettner, 2001). A common oxidant, superoxide anion (·O2
-
), is formed naturally during 
autoxidation reactions within the electron transport chain (Rice-Evans and Gopinathan, 
1995). It can release Fe
2+
 and undergo dismutation to form H2O2 (Docampo, 1995). The two-
electron reduction state, H2O2 can diffuse across membranes because it is lipid soluble (Rice-
Evans and Gopinathan, 1995). Pigs with IUGR have an increased propensity for oxidative 
stress, which may alter primary, secondary, or tertiary proteins structure (Karowicz-Bilińska 
et al., 2002). Oxidative stress has been documented to decrease feed intake by 23.7% and 
also decrease apparent total tract digestibility of dry matter, gross energy, and crude protein 
from 4.0 to 16.9% (Yuan et al., 2007). The decrease in nutrient digestibility likely stems from 
decreases in digestive enzyme activities. Many researchers have reported oxidative stress 
damaging intestinal mucosa morphology and enzyme activity, particularly sucrase (Ghishan 
et al., 1990; Prabhu et al., 2000; Marchionatti et al., 2001). Additionally, oxidative stress has 
been shown to decrease sugar transporter SGLT1 and GLUT2 mRNA expression, but the 
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mechanistic reasonings are currently unclear (Chen et al., 2010). This, combined with the 
known effects of oxidative stress on cell apoptosis, demonstrates that controlling its 
incidence may improve nutrient utilization. 
Somatotropic Axis 
Finally, poor nutrient utilization may be caused by metabolic dysregulation within the 
somatotropic axis. Negative energy balance or prolonged fasting stimulates the hypothalamus 
to produce growth hormone-releasing factor, which stimulates the anterior pituitary to 
produce growth hormone (Roelfsema and Clark, 2001). Growth hormone stimulates many 
organs, but primarily the liver to produce insulin-like growth factor 1 (IGF-1). As a negative 
feedback mechanism, IGF-1 inhibits further growth hormone-releasing factor from being 
produced by the hypothalamus (Clark and Robinson, 1996). This is important because 
growth hormone is anabolic, increasing lipogenesis and protein synthesis and sarcomere 
hyperplasia (Florini et al., 1996). Additionally, IGF-1 receptor binding stimulates cell growth 
and proliferation and inhibits apoptosis (Florini et al., 1996). The somatotropic axis may be 
important in fallback pigs because IUGR has been related to decreased blood IGF-1 
concentrations (Davis et al., 1997 and Schoknecht et al., 1997). Furthermore, IUGR pigs 
have reduced gene expression of mucosal IGF-1 (Wang et al., 2005).  Studies in sheep and 
neonatal pigs have shown that IGF-1 infusions restore body weights and increase protein and 
fat accretion levels (Schoknecht et al., 1997). Thus, it is possible that dysregulation between 
growth hormone and IGF-1 is responsible for poor nutrient utilization.  
It has long been known that growth hormone supplementation increases pig growth 
performance in a dose-dependent manner (Etherton et al., 1986 and 1987; Evock et al., 
1988). This is true if the growth hormone is produced naturally from the pituitary (porcine 
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growth hormone-1) or by recombinant DNA technology (porcine somatotropin; pST; Fabry 
et al., 1991). A 60-d pST supplementation has been shown to result in a 70% decrease in 
lipid deposition during that period (Etherton et al., 1993). This decreased lipogenesis is 
primarily due to pST decreasing insulin sensitivity and therefore decreasing glucose transport 
into adipocytes via GLUT4 (Etherton et al., 1993). The decreased lipogenesis occurs without 
affecting the rate of lipolysis (Etherton et al., 1993). Because energy is not deposited into 
adipocytes, pST increases protein synthesis in hepatocytes and myofibers by increasing 
ribosomal capacity and increasing myofiber cross-sectional area (Beermann et al., 1990; 
Séve et al., 1993). Although pST or growth hormone supplementation would likely be a 
highly effective mechanism to reduce the incidence of fallback pigs, it is not currently 
approved for use in pigs by the United States Food and Drug Administration. Future use is 
unlikely in this country due to poor consumer acceptance of mammalian hormone 
supplementation (Grobe et al., 1999). 
Consequences of Postnatal Nutritional Restriction 
 For decades, growth modelers have demonstrated the consequence of poor post-
weaning growth (Whittemore and Fawcett, 1976; Moughan et al., 1987; de Lange, 1995; 
Schinckel et al., 2003). In general, acute nutritional restriction can be reversed, in whole or in 
part, by compensatory gain. However, if nutrient restriction occurs for a longer period of 
time or in pigs with body weights greater than 70 kg, compensatory gain cannot completely 
make up the difference due to prior nutrient restriction (Heyer and Lebret et al., 2007). 
Furthermore, severe nutrient restriction and later compensatory growth results in the 
repartitioning of nutrients that can cause differences in carcass composition. During the 
period of nutrient restriction, lipolysis prevails in order to maintain blood glucose 
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concentrations. However, when nutrient intake is restored, lipogenesis occurs at a faster rate 
than protein synthesis (Hornick et al., 2000). Thus, pigs experiencing compensatory gain 
typically have greater subcutaneous fat depth than pigs fed ad libitum when marketed at the 
same weight (Heyer and Lebret, 2007). 
Increased Disease Incidence  
In addition to nutritional restriction, disease may cause pigs to fall back from normal 
performance. Holck et al. (1998) observed that only 70% of a pig’s genetic potential for 
growth is reached when reared in commercial conditions. Both disease and inflammation 
have been hypothesized to be the primary sources of this reduction in performance. A 
commercial environment has been shown to produce continuous immune stimulation that 
diverts nutrients that would otherwise be available for growth (Gabler and Spurlock 2008). 
The number of stressors is highly correlated with decreases in feed intake, gain, and tissue 
deposition (Hyan et al., 1998); and stress at weaning has been hypothesized to be the primary 
driver of PFTS (Huang et al., 2011; Moeser et al., 2012). Stress and disease result in the 
stimulation of the two-part immune reaction: the innate and adaptive responses. 
Causes of Increased Disease Incidence 
 Innate Immune Response 
 The innate immune response is the immune defense system mammals are born with 
that requires no previous pathogen exposure (Romero, 2009). The innate response has no 
memory, and repeated exposure does not build resistance. It is comprised of a variety of 
mechanisms to provide a barrier against pathogens, as well as to identify and react to them 
immediately. These barriers are either directed at preventing pathogens from entering the 
body or reacting to them once they have crossed the epithelial barrier (Tizard, 2009). 
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 External Defenses of the Intestinal Epithelial Cell 
 Various pathogens can disturb the external cellular defenses, allowing them to 
translocate into the cell and trigger an internal defense mechanism. For example, pathogenic 
E. coli has been shown to disorganize tight junction proteins, including occludin, zonula 
occluden 1, and actin (Tsukita et al., 2001). Rotavirus has also been shown to disorganize 
occludin (Tsu et al., 2001). Salmonella enterica serovar Typhimurium has been demonstrated 
to prevent necessary protein-protein interactions, causing a clustering of actin filaments and 
preventing closure of tight junctions (Tsu et al., 2001). Pigs with PFTS have been found to 
have decreased jejunal and ileal barrier function as measured by Ussing Chambers (Moeser 
et al., 2012). Huang et al. (2012) demonstrated similar findings in the colon, where colonic 
epithelium of pigs with PFTS was disorganized, resulting in an increased attachment of 
effacing E. coli and a greater number of lymphocytes present in the colonic lamina propria.  
Clark et al. (2006) has demonstrated the negative effects of immune stimulation on 
tight junction permeability. Necrotizing enterocolitis (NEC), a common intestinal disease in 
both premature infants and pigs with IUGR, has been shown to decrease occludin and 
claudin-3 expression in the distal ileum of rats with NEC (Clark et al., 2006). The role of 
these tight junction proteins is still disputed, but Rahner et al., (2001) hypothesized that 
occludins are important for both structure and function, while claudins are specific for 
paracellular permeability.  
 Internal Defenses of the Intestinal Epithelial Cell 
 In addition to compromising external defenses, pathogen–associated molecular 
patterns (PAMPs) can also trigger pattern recognition receptors to stimulate the innate 
immune response (Ausubel, 2005). In the mouse model, there are currently 13 defined toll-
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like receptors (TLRs), which are distinguished by their ligand (Shi et al., 2009). For example, 
TLR-4 recognizes lipopolysaccharide, common to gram-negative bacteria (Gabler and 
Spurlock, 2008). Similarly, TLR-5 recognizes and binds to flagella, which are a common 
structural component of bacteria (Jacchieri et al., 2003). The binding of microbial 
components to TLRs during a disease state has been demonstrated to increase the incidence 
of IUGR in humans (Mockenhaupt et al., 2006). Typically, surface TLRs respond to bacteria 
and bacterial components, while those located inside a cell respond to nucleic acids 
(Ausubel, 2005). These non-specific responses often result in inflammation and occur in 
many cell types, including macrophages, monocytes, neutrophils, natural killer cells, and 
epithelial cells. All of these cells can be classified as phagocytes. 
 Phagocytes are white blood cells that engulf both host and forge in particles. The 
primary phagocytic cells are macrophages, which differentiate from monocytes once they 
have migrated to a tissue (Romero, 2009). However, granulocytes such as eosinophils and 
basophils become phagocytic upon encountering a pathogen (Medzhitov, 2007). Cells are 
considered phagocytes if they phagocytize, or engulf, particles and destroy them through four 
steps: chemotaxis, adherence, ingestion, and destruction. Placental cells of human 
pregnancies with IUGR have greater apoptosis than normal pregnancies, which may 
overwhelm phagocytes and prevent them from clearing pathogenic invaders of individuals 
with IUGR (Erel et al., 2001). 
Another type of phagocyte are large granular lymphocytes called natural killer cells, 
which nonspecifically recognize cancerous or infected cells and secrete chemicals to activate 
inflammation and destroy the invading cell (Welsh, 1986). In pigs, natural killer cells 
recognize abnormal cells by two different types of major histocompatibility complex class I 
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receptors: killer cell immunoglobulin-like receptors (KIR) and Ly49 (Tizard, 2009). Once 
activated, the natural killer cell produces small pores on the invading cell surface, injects 
granzymes, and secretes the protease fragmentin to induce apoptosis (Welsh, 1986). Humans 
with an IUGR pregnancy have a shallower and less extensive natural killer cell invasion from 
the placenta into the arcuate artery of the fetus, which may make the IUGR fetus more 
susceptible to infection by other pathogens (Moffett-King, 2002).  
Complement System 
 Another chief internal defense is the complement system, made up of protein 
components and enzyme reactions that culminate in pathogen destruction by either altering 
cellular membranes or inducing inflammation (Carroll, 2004). As part of the innate immune 
system, it “complements” the clearing of pathogens by phagocytes. It can be activated by the 
adaptive immune system. The complement system has been hypothesized to be the primary 
driver to prevent rejection of an IUGR fetus because the C5a peptide is a regulator of 
spontaneous miscarriage in IUGR mice (Girardi, 2008).  
  Inflammation 
 When TLRs bind PAMP, nuclear factor kappa B (NFĸB) is translocated to the 
nucleus, which increases the expression of caspase-1 and the inactive forms of pro-
inflammatory inactive cytokines such as ProIL-1β, ProTNF-α, and ProIL-6 (Tizard, 2009). 
Capase-1 cleaves the pro-form of these cytokines, rendering them active. Weaning is known 
to prompt intestinal inflammation, which may result in anorexia or enteric pathogen exposure 
(Pie et al., 2004; Shan et al., 2011). Additionally, increased pathogen load has been 
associated with greater pro-inflammatory cytokine concentrations and sepsis in infants with 
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IUGR (Moormann, et al., 1999). Moeser et al. (2012) did not observe intestinal inflammation 
in pigs with PFTS, but did not measure pro-inflammatory cytokine concentrations. 
Pro-inflammatory Cytokines 
 There are a wide variety of cytokines that can be divided into multiple classes, 
including interleukins and chemokines. Interleukins (IL) have traditionally been classified as 
cytokines that target leukocytes, while chemokines (CXC or CCL) facilitate cellular 
chemoattraction (Medzhitov, 2007). Cytokines that elicit an inflammatory response are 
termed pro-inflammatory cytokines (Dinarello, 2000). Systemically, they are often associated 
with fever, anorexia, depression, acute-phase protein synthesis, iron sequestration, and 
increased white blood cell production (Netea et al., 2000). These systemic responses are 
primarily induced by tumor necrosis factor-α (TNF-α), IL-1β, IL-6, and CXCL8.  
Paracellular permeability, which has been shown to be increased in pigs with PFTS 
(Moeser et al., 2012), is enhanced by the combination of TNF-α and another cytokine, 
interferon-γ (IFN-γ; Blum et al., 1997). Epithelial barrier function and regulation is related to 
Na
+ 
transport. The glucose transporter on the luminal membrane, SGLT1, cotransports 
glucose with Na
+
. This influx of Na
+ 
into the cell not only creates a transcellular Na
+
 
gradient, but also activates myosin light chain kinase (MLCK) and moves Na
+
-H
+
-exchange 
protein 3 (NHE3) to the luminal membrane (Turner, 2009). Under normal circumstances, 
there is a great influx of Na
+ 
into the cell, and therefore an inflow of water through the 
MLCK-regulated paracellular pathways. However, TNF-α activates protein kinase Cα 
(PKCα), which inhibits NHE3 and results in a reduction in cellular Na+ absorption. However, 
TNF-α also activates MLCK, which allows water to flow through the paracellular pathway 
into the lumen, causing diarrhea (Turner, 2009). Additionally, the increased expression of 
33 
 
 
 
TNF-α and IFN-γ has been associated with increases in the distribution of junction adhesion 
molecules in intracellular junctions, which increase the leakiness of tight junctions (Ozaki et 
al., 1999). 
The PFTS-induced paracellular permeability reported by Moeser et al. (2001) is thus 
likely due to decreased tight junction regulation due to the activation of MLCK by TNF-α. 
However, it may also be related to greater IL-1 concentrations, which have been shown to 
decrease barrier function, but the mechanism of this is still unknown (Nusrat et al., 2000). 
Additionally, IL-1β mobilizes amino acids from skeletal muscle, resulting in fatigue 
(Dinarello, 2000). Together with TNF-α, IL-1β induces the production of IL-6 from 
macrophages (Dunn, 1992). The role of IL-6 in IUGR has yet to be determined, and there is 
disagreement if the two are even related (Stallmach et al., 1995; Opsjon et al., 1995; Heinig 
et al., 2000). Previously referred to as IL-8, CXCL8 is actually a chemokine responsible for 
attracting neutrophils that release the contents of their granules to stimulate leukotriene 
production (Roebuck, 1999). When comparing maternal and umbilical CXCL8 
concentrations, Laskowska et al. (2007) hypothesized that CXCL8 plays a significant role in 
IUGR-complicated pregnancies because it is highly associated with apoptosis, inflammation, 
and endothelial permeability. However, the specific mechanism has not yet been elucidated. 
Sepsis 
 Sepsis is the result of a massive cytokine release in response to severe infection or 
tissue damage (Leon, 2002). While the purpose of inflammation is to minimize additional 
damage by destroying the invading pathogens, sometimes the overwhelming cytokine storm 
causes inadvertent damage to healthy tissues because in large quantities, cytokines 
themselves can be toxic (Molloy et al., 1993). Pigs are especially vulnerable to septic shock 
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because they have pulmonary intravascular macrophages, whereas dogs and rodents do not 
(Brain et al., 1999). This is likely because animals with pulmonary intravascular 
macrophages have increased endotoxin sensitivity, and once activated they produce and 
inflammatory response that may result in lung injury (Brain et al., 1999). Mammals with 
IUGR have been shown to have increased susceptibility to gram-negative sepsis. Equils et al. 
(2005) have hypothesized that this is because IUGR increased hepatic TLR4 expression and 
function, which the researchers found resulted in a 20% increase in TNF-α and 70% increase 
in IL-1β mRNA expression. 
 Adaptive Immune Response 
 In contrast to the innate immune system, adaptive (also known as acquired) immunity 
has a memory but is slower to react to an invading pathogen (Tizard, 2009). A primary 
difference between the innate and acquired immune systems is receptor recognition (Fearon 
and Locksley, 1996). The innate receptors are nonspecific, while the adaptive system 
produces a large number of unique antigen receptors that allow the system to recognize a 
plethora of non-self antigens (Fearon and Locksley, 1996). The response to these invaders is 
specific to the type of antigen, allowing the system to develop immunological memory to 
more quickly eliminate reoccurring pathogens (Medzhitov and Janeway, 1997). Each antigen 
receptor is expressed on an individual lymphocyte, either a B cell or T cell, which is 
responsible for humoral or cell-mediated immune responses, respectively (Medzhitov, 2007). 
These lymphocytes are differentiated from multipotent hematopoietic stem cells produced in 
bone marrow (Ardavin et al., 1993). At an early stage in development, naive B and T cells 
are indistinguishable from one another, but as they mature, T cells migrate to the thymus to 
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develop while B cells continue to develop in the bone marrow (Ardavin et al., 1993). Once 
presented with their cognate antigen, the T and B cells become activated. 
 T cells 
 Endogenous invaders within the cell are destroyed by cell-mediated immunity, which 
arises from antigens stimulating T-lymphocytes (Ardavin et al., 1993). T cells recognize an 
antigen by T cell receptor, which recognizes a processed antigen as a peptide within major 
histocompatibility complex (MHC; Ardavin et al., 1993) on the surface of antigen presenting 
cells. There are two primary types of T lymphocytes: CD8+ (cytotoxic) T-lymphocytes and 
CD4+ (helper) T-lymphocytes.  
CD8+ T-Lymphocytes 
Naïve cytotoxic T-lymphocytes are activated when T cell receptors and co-receptors 
bind tightly with a peptide on the MHC class I molecule (Tizard, 2009). The active cytotoxic 
T cell then undergoes clonal expansion and circulates the body searching for cells containing 
the same MHC peptide that activated the lymphocyte (Ward et al., 1998). Once in contact 
with a cell bearing this peptide, the cytotoxic T cell releases perforin and granulysin, two 
cytotoxins that deteriorate the cellular membrane of the invading cell, as well as granzyme, a 
protease that enters the invading cell and induces apoptosis (Ardavin et al., 1993). After the 
death of the invading cell, the effector cells primarily undergo apoptosis and are cleared by 
phagocytes (Tizard, 2009). However, some remain as memory cells, which quickly 
differentiate into effector cells when the same antigenic peptide is encountered. 
CD4+ T-Lymphocytes 
 Helper T cells mediate the immune response by recognizing antigen bound to MHC 
class II molecules (Abbas, et al., 1996). Once activated, these T cells release cytokines to 
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help maximize the adaptive immune response (Abbas, et al., 1996). Although more continue 
to be identified, there are three main types of helper T cells: Type 1, Type 2, and Regulatory 
T cells. A main function of type 1 Helper T cells (Th1) is to activate macrophages by 
producing IFN-γ (Ardavin et al., 1993). This stimulation enhances the macrophage 
activation, causing it to be bactericidal. Interferon-γ also activates B cells to produce 
opsonizing antibodies, which coat pathogens to enhance their uptake (Abbas, et al., 1996). 
Meanwhile, Type 2 Helper T cells (Th2) release an anti-inflammatory cytokine, IL-4, which 
stimulates the B cell to produce neutralizing antibodies (Abbas, et al., 1996). Finally, the 
regulatory T cell (Treg) suppresses the immune system’s response, which controls 
overstimulation and autoimmune diseases (Roncarolo et al., 2001).  
 Porcine Respiratory and Reproductive Syndrome, a virus that replicates within 
macrophages and dendritic cells, causes a change in the lymphocyte population within the 
pig. There is a decrease in CD4+ and increase in CD8+ cells, which slows the response of 
virus-neutralizing cells and causes immunosuppression (Tizard, 2009). Two studies, one in 
the United States and one in Tanzania, have failed to find a link between IUGR and CD4+ 
lymphocyte count (Stratton, et al., 1999; Ellis et al., 2002). However, Caihol et al. (2009) 
reported that IUGR was associated with a low percentage of CD4+ cells in Thailand. The 
researchers were unable to determine the cause of this difference, but hypothesized that a low 
CD4+ percentage is associated with IUGR because chronic immune system activation causes 
greater pro-inflammatory cytokine production in women than acute immune activation 
(Stallmach et al., 1995).  
 In 2009, Lin et al. found that IUGR piglets have fewer CD8+ and CD4+ cells at one 
day of age and fewer CD4+ cells at 7 days of age compared to normal pigs. However, there 
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were no differences in T cell concentrations after d 7. These results caused the researchers to 
postulate that IUGR piglets have decreased immunity during the first week of life compared 
to normal contemporaries (Lin et al., 2009). 
 B cells 
 The humoral immune response is responsible for the production of antibodies in the 
humors, or body fluids. There are unique receptors on each B cell that bind only one type of 
antigen (Stone and Bovbjerg, 1994). After it has been activated, the B cell differentiates into 
an effector cell called a plasma cell that secretes antibodies (Tizard, 2009). There are five 
types of antibody: IgA, IgD, IgE, IgG, and IgM. However, this literature review will focus on 
those important to the gastrointestinal tract: IgA, IgG, and IgM. Immunoglobulin A is vital 
for mucosal immunity. Three to five grams of IgA are secreted into the mucosal lining of the 
lumen daily, making it by far the most quantitatively-produced immunoglobulin (Fagarasan 
and Honjo, 2003; Brandtzaeg and Pabst, 2004; Macpherson and Slack, 2007). Secretory IgA, 
the predominant immunoglobulin in milk, provides passive protection from many viruses to 
suckling pigs, including rotavirus (Paul and Stevenson, 1999). Meanwhile, IgG is present in 
high concentrations in colostrum, thereby making it important for immunity for suckling 
pigs. However, IgG is not transferred through the placenta in the pig as it is in the mouse or 
human (Šterzyl et al., 1966; Porter, 1969). Finally, IgM is the largest antibody secreted, and 
is the first to respond to an antigen (Porter, 1969).  
 A PRRSV infection causes massive immunoglobulin production (Tizard, 2009). For 
example, IgG concentrations have been shown to increase up to 1000-fold, while IgM and 
IgA concentrations increase up to 100-fold (Tizard, 2009). These antibodies are suspected to 
be vital to prevent reinfection, and appear within 7 to 14 days of infection (Benfield et al., 
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1999). Yang et al. (1983) reported that cord IgA, IgG, and IgM concentrations were lower in 
IUGR infants compared to healthy infants. They hypothesized that this was due to impaired 
immunoglobulin synthesis in IUGR neonates (Yang et al., 1983). 
Nutrient Demands as a Consequence of Increased Disease Incidence 
 Pro-inflammatory cytokines from an immune response are important for responding 
to a pathogen invasion, but the resulting immune stimulation is metabolically expensive. 
Klasing (1988) was the first to suggest that the production of cytokines is responsible for the 
production losses in immune-challenged animals. Both TNF-α and IL-6 have been 
demonstrated to be produced by TLR-4 receptor stimulation in the myofiber and adipocyte 
and therefore directly decrease protein synthesis and lipogenesis (Hotamisligil et al., 1993; de 
Alvaro et al., 2004; Gabler and Spurlock, 2008). Thus, cytokine regulation is important to 
whole animal metabolism and nutrient utilization. 
 Carbohydrates 
 In order to maintain the energy needs of the immune system, immune-challenged 
animals have a high glucose requirement. Unfortunately, immune-stressed animals have poor 
cellular glucose uptake (Spurlock, 1997). Both Lang et al. (1992) and Ling et al. (1994) 
demonstrated that LPS, IL-1, or TNF-α infusions decrease glucose absorption by myofibers 
and hepatocytes. This is possibly due to decreased circulating insulin levels, which is 
necessary to facilitate glucose transport into many cells by GLUT4 (Spurlock, 1997).  
Insulin signaling is an important regulator in body motioning, but disease incidence 
can result in insulin insensitivity. In rodents, this has been attributed to high TNF-α 
concentrations, and is improved by IgG infusion (Hotamisligil et al., 1993). Additionally, 
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TNF-α inhibits the insulin-mediated phosphorylation required to activate mitogen-activated 
protein kinase (MAPK) in skeletal muscle (Begum et al., 1996; Spurlock, 1997).  
In addition to insulin, IGF-1 status is highly related to homeorhesis during an immune 
challenge (Spurlock, 1997). Douglas et al. (1991) demonstrated that greater IGF-1 
concentrations in lambs with TNF infusions are associated with increased glucose clearance. 
Because it is smaller and possibly more susceptible to pathogens, the IUGR fetus is highly 
dependent upon glycogen for energy. Interestingly, mammals with IUGR have been found to 
have greater glycogen concentrations at birth compared to their cohorts (Dreiling et al., 
1991). This is important because postnatal glycogen synthesis is triggered by insulin and 
IGF-I, two hormones that are low in IUGR animals.  
Typically, insulin and IGF-1 activate tyrosine kinase receptors to phosphorylate 
insulin receptor substrates-1,2, which activates p85 phophatidylinositol-3-kinase to 
phosphorylate Akt-1,2 (Regnault et al., 2005). Insulin then mediates the activation of 
glycogen synthase kinase-3b by Akt-1,2, which phosphorylates glycogen synthase to produce 
glycogen (Cross, et al., 1995; Peyrollier et al., 2000). Unfortunately, during both the disease 
and IUGR states, IGF-1 and insulin status is decreased, leading to decreased postnatal 
glycogen synthesis (Regnault et al., 2005).  
 Protein 
The same low insulin and IGF-1 concentrations in IUGR animals are detrimental to 
protein synthesis, particularly in immune-stressed animals. The Akt-1,2 that phosphorylates 
glycogen synthase is responsible for the phosphorylation of  mTOR (Regnault et al., 2005). 
Unlike glycogen synthesis, protein synthesis can still occur when circulating insulin and IGF-
I concentrations are low because mTOR can also be phosphorylated by amino acids 
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(Bloomfield et al., 2002). However, both ovine and human IUGR fetuses have shown 
decreased amino acid transport across the intestinal epithelium (Ross et al, 1996; Glazier et 
al., 1997; and Paolini et al., 2001). Thus, both low IGF-1 and amino acid concentrations limit 
the phosphorylation of mTOR and decrease protein synthesis (Regnault et al., 2005).  
There is no defined requirement for protein or amino acids during an immune 
challenge; however, it is widely accepted that both Arg and Gln are important to the immune 
response (Johnson et al., 2001). Although only a semiessential amino acid, Arg may become 
limiting during an immune challenge because it is a precursor for nitric oxide (Barbul and 
Dawson, 1994). The two-fold function of nitric oxide includes increasing the entry of 
immune cells into damaged tissues by increasing vascular dilation and leukocyte adhesion, as 
well as being bactericidal (Stuerhr and Marletta, 1985; Denis, 1991). 
 Glutamine is not typically considered an essential amino acid, but it is suspected to be 
conditionally essential during an immune challenge because it is necessary to increase the N-
carrying capacity within blood to maintain lymphocyte and macrophage activity and 
proliferation (Dudrick et al., 1994; Ziegler et al., 1994). Immune stimulation with LPS has 
decreased growth rate, intake, and efficiency (Klasing and Barnes, 1988; van Heughten et al., 
1994). Thus, the quantity of amino acids may decrease with stress, but their required ratio to 
lysine may also increase (Han and Baker, 1993; Edmonds et al., 1998). Additional research is 
necessary to determine ideal Arg:Lys and Gln:Lys ratios during an immune challenge.  
  Lipids 
 Energy needed to produce acute phase proteins and other components of the immune 
system often cause cytokines to exert a catabolic effect on lipids (Spurlock, 1997). The 
lipolytic nature of TNF-α is likely due to eicosanoid synthesis (Feingold et al., 1992). 
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Eicosanoids, such as prostaglandins, thromoxanes, and leukotrienes, are regulators of 
inflammation and have proinflammatory effects such as increasing vascular permeability or 
producing IL-6 (Calder, 2006). Eicosanoids are produced by 20-carbon n-6 polyunsaturated 
fatty acids (PUFAs), primarily arachidonic acid (20:4n-6; Johnson et al., 2001). 
Inflammatory cells typically contain a high n-6 PUFA:n-3 PUFA ratio. Thus, it has been 
hypothesized that n-3 PUFAs decrease inflammation (Gabler et al., 2008). This decreased 
inflammation may occur through two mechanisms. First, n-3 supplementation increases the 
concentrations of eicosapentaenoic and docosahexaenoic acids (20:5n-3 and 22:6n-3, 
respectively), which inherently decreases arachidonic acid concentrations within the cell and 
therefore decreases the n-6:n-3 ratio. Thus, there is less substrate for eicosanoid production 
(Calder, 2006). Secondly, eicosapentaenoic acid is a substrate for some enzymes, such as 5-
lipoxygenase (5-LOX), which produces eicosanoids that are less potent than those from 
arachidonic acid, thereby decreasing inflammation (Calder, 2006). These improvements may 
be the root of the ability of fish meal to improve growth performance in commercial 
production (Irie and Sakimoto, 1992). Indeed, Gabler et al. (2008) demonstrated that n-3 
PUFA reduce the LPS-induced TLR-4 suppression in porcine adipocytes. The quantity and 
nature of dietary lipids fed to a pig affects lymphocyte proliferation (Calder, 1998), and 
lipolysis is often an effect of immune stimulation.  
Summary 
 Clearly, both nutritional restriction and disease incidence are principal causes of 
underperformance in pigs. The goal of the research within this dissertation was to increase 
the understanding of the physiological and biological basis of fallback in pigs. By studying 
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these variables, one can hopefully generate more strategic management strategies for fallback 
pigs in order to improve animal welfare and barn economics. 
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CHAPTER 2. CHARACTERIZING GROWTH AND CARCASS COMPOSITION 
DIFFERENCES IN PIGS WITH VARYING WEANING WEIGHTS AND POST-
WEANING PERFORMANCE 
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Abstract 
The last decade’s unprecedented rise in litter size has led to a perceived rise in the 
number of fallback pigs. However, there is little peer-reviewed data available regarding the 
biological differences between fallback pigs and their normal cohorts. Therefore, the 
objective of this experiment was to identify differences in the biology and physiology, and 
thus the growth and metabolism, between pigs with varying weaning weights and post-
weaning performance. To accomplish this objective, a total of 120 barrows (PIC C22/C29 × 
337) were utilized in growth and comparative slaughter experiments. Pigs were selected from 
a population of 960 weanling pigs to represent the 10% lightest, median, and heaviest pigs at 
weaning (n = 40 pigs per weaning weight [WW] category). Eight pigs from each WW 
category were harvested on d 5 post-weaning as the initial slaughter group (ISG). The 
remaining 96 barrows were housed in individual crates, fed ad libitum quantities of a 
common diet during a 27-day growth study, and were harvested on d 33 or 34 post-weaning. 
After the completion of the live animal component of the experiment, pigs within each WW 
category were further stratified into the slowest, median, or fastest 33% ADG categories. 
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This resulted in a total of nine treatments in a nested design. Fallback pigs were designated as 
those belonging to the slowest ADG category from either the lightest or median WW 
categories. Data were analyzed using the GLIMMIX procedure of SAS with the fixed effects 
of WW category and WW(ADG).  Although feed intake was maximized (P < 0.0001) by 
WW(ADG) category, feed efficiency was not different (P = 0.30). When equalized per unit 
of body weight, WW(ADG) category greatly affected (P < 0.02) eviscerated carcass, organ, 
and metabolic body weights, but not (P = 0.28) empty body weight. There were no 
differences (P > 0.12) in tissue nutrient concentrations, ratios, or energy content among pigs 
in the growth experiment. All tissue deposition rates, which were calculated as the difference 
between tissue nutrient concentrations of the growth experiment and initial slaughter groups, 
were maximized (P < 0.0002) by WW(ADG), even when equalized per unit of body weight. 
In conclusion, WW and ADG affect tissue accretion rates, but not feed efficiency or carcass 
composition in nursery pigs. 
Keywords: carcass composition, fallback, nutrition, pig, tissue accretion 
Introduction 
 The United States swine industry has experienced a dramatic increase in litter size in 
recent years. An additional 1.15 pigs were born per litter from March through May 2011 
compared to the same time period in 2001 (USDA, 2001; 2011). This rise in litter size can be 
largely attributed to improved genetics and management practices. Unfortunately, this 
increase in litter size may have a detrimental effect on postnatal performance, because as 
litter size increases, uterine blood flow to each fetus is reduced (Père et al., 1997). This 
causes a decreased level of nutrients supplied to individual neonates and lighter piglet birth 
weights (Bérard et al., 2008; Quiniou et al., 2002). Therefore, this impaired fetal 
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development and smaller birth weight may be the root cause of rising numbers of fallback 
pigs reported in the industry. Fallback pigs are those that fail to achieve performance in the 
barn equal to that of their contemporaries. Pigs can be born as fallbacks, in that they have a 
lighter birth weight and thus diminished capacity for postnatal growth due to intrauterine 
growth retardation (IUGR; Town et al., 2005). However, pigs with a normal or heavy birth 
weight can also become fallback pigs due to poor nutrition, management, environmental 
conditions, or disease. There are many causes for this underachievement, many of which 
remain undetermined or undefined (Wu et al., 2004; 2006). 
 Whatever the cause, these pigs compromise production throughput, result in weight 
penalties at market, reduce barn flow, and may disrupt overall herd health. Whereas these are 
generally accepted principles in the field, there is little peer-reviewed data available 
regarding the physiological differences between fallback pigs and their normal cohorts. 
Therefore, the objective of this experiment was to identify differences in the growth, tissue 
accretion rates and body composition between pigs based on their varying weaning weights 
and post-weaning performance. 
Materials and Methods 
 All experimental procedures adhered to the ethical and humane use of animals for 
research, and were approved by the Iowa State University Institutional Animal Care and Use 
Committee (#9-09-6807-S).  
 Animals, housing, diets, and experimental design. All animal experiments were 
conducted at the Iowa State University Swine Nutrition Farm in Ames, IA. Through 4 
replicates, 120 weanling pigs (PIC C22/C29 × 337, Carthage Veterinary Service, Carthage, 
IL) were utilized in growth and comparative slaughter experiments. Care from birth to 
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weaning was carried out according to routine procedures on the source farm. At 18 to 22 
days of age, 960 pigs (5.77 ± 3.92 kg BW) were weaned and transported to the Iowa State 
University Swine Nutrition Farm. Upon arrival, pigs were weighed and tagged with an 
individual identification number. All viable barrows that did not exhibit outward signs of 
lameness or ruptures (5.81 ± 3.72 kg BW) were retained for experimental animal selection. 
Forty of these barrows (10 per replicate) were selected from the 10% lightest (LWW), 
median (MWW), and heaviest (HWW) weaning weight categories (120 total pigs) for the 
experiment.  
 Pigs were blocked by WW category and randomly allotted to individual 0.53 × 0.71 
m stainless steel, fully slatted pens. A single-hole self-feeder and nipple waterer fitted with a 
cup in each pen allowed for ad libitum access to feed and water during acclimation and the 
growth experiment. Pigs were fed common diets as part of a commercial phase-feeding 
program (TechStart Easy Wean D-CTC400, 12-17 D-CTC400, 17-25 D-CTC400, and 25-40 
D-CTC400, Kent Feeds, Inc., Muscatine, IA). Feed included 38.6 ppm tiamulin hydrogen 
fumarate and 440.9 ppm chloratetracycline, which served as feed-grade antibiotics. Pigs were 
allowed a 5-day acclimation period to adjust to weaning and environmental changes.  
Eight pigs per WW category (24 total pigs) were euthanized as part of an initial 
slaughter group on d 5 post-weaning. The remaining 32 pigs in each WW category were part 
of a 27-day growth experiment. On d 10, one barrow from the median WW category was 
removed from the experiment, euthanized, and confirmed positive for Haemophilus parasuis. 
None of the data associated with this pig was included in analyses. No other pigs were 
removed from the experiment.  
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Pigs were weighed weekly and feed disappearance was measured for the calculation 
of ADG, ADFI, and G:F. The ADFI was expressed as a percentage of projected ADFI by 
dividing the actual DE intake by the estimated DE intake (NRC, 1998): DE intake (Mcal/d) = 
-1.531 + (0.4555 × WW) - (0.00946 × WW
2
). After the completion of the experiment, WW 
categories were further stratified into the slowest, median, and fastest 33% ADG categories 
(slowest = 1, median = 2, fastest = 3) within each WW category (Figure 1). This yielded a 
nested trial design, where 3 ADG categories (1, 2, 3) were nested within 3 WW categories 
(LWW, MWW, HWW) for a total of 9 treatments.  
 Body composition and tissue accretion analyses. All pigs utilized in the experiment were 
harvested after an overnight fast on d 5 (initial slaughter group, ISG), 33, or 34 post-weaning 
(final slaughter group). All blood was collected following exsanguination. Contents from the 
stomach, intestines, gallbladder, and bladder were emptied. Excess moisture was removed 
from the organs  and organs weighed. Whole carcasses, plus head, feet, blood, and organs 
were weighed to determine empty body weight. Metabolic body weight was calculated as 
BW
0.60 
(Noblet et al., 1999). Carcasses were then frozen, ground, homogenized, and 
subsampled. Sub-samples were then freeze dried, ground through a 1-mm screen, and 
analyzed for percentage DM, ash, crude fat, N, and GE. Briefly, percentage DM and ash 
were determined according to modified methods 930.15 and 942.05 (AOAC Int., 2007) , 
respectively, where samples were dried at 105˚C or 600˚C, respectively to a constant weight 
instead of 2 h. Crude fat was determined by ether extraction without acid hydrolysis 
according to method 920.39 (AOAC Int., 2007). Nitrogen content was determined by 
Kjeldahl according to method 981.13 (AOAC Int., 2007). Calibration was conduction with a 
glycine standard (N content 18.7 ± 0.1%). Upon analysis, N content of the glycine standard 
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was 18.7 ± 0.08%. Crude protein was expressed as nitrogen × 6.25. Benzoic acid was used as 
the standard for calibration (6,318 ± 18 kcal/kg) for gross energy using bomb calorimetry and 
was determined to be 6,321 ± 12 kcal/kg. All chemical analyses were carried out in duplicate, 
and repeated when the intra-duplicate coefficient of variation exceeded 1%.  
 Based on the sub-sample chemical composition, total body composition was calculated 
for water, protein, lipid, and ash using the empty body weight or in ratio to one another. The 
chemical carcass composition of pigs in the ISG was used to estimate the initial body 
compositions of pigs utilized in the growth experiment. Within each treatment, the accretion 
of water, protein, lipid, and ash were estimated by: (Final content, g of tissue - initial content, 
g of tissue) ÷ days between harvest dates. Tissue accretion rates were equalized for 
differences in body weight by dividing the g of tissue deposited per d by kg of empty body 
weight. 
 Statistical analyses. Data were analyzed using the GLIMMIX procedure of SAS 
(Version 9.2, SAS Institute, Cary, NC), where individual pig served as the experimental unit. 
The model consisted of the fixed effects of WW (lightest, median, or heaviest) category and 
ADG (slowest, median, or fastest) category nested within WW category, and the random 
effects of replicate and pen. Least squared means were calculated, and treatments were 
compared using the SLICE and SLICEDIFF procedures. Tukey-Kramer corrections were 
used to adjust for multiple comparisons among treatments and to minimize possible ß-errors. 
Results were considered significant if P was ≤ 0.05 and trends if P was ≤ 0. 10. The degree to 
which growth performance and carcass characteristics were related to WW and ADG 
categories was determined with Pearson correlation coefficients using the CORR procedure 
of SAS. 
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Results and Discussion 
The lighter body weights and slower ADG that is characteristic of fallback pigs are 
usually caused by a combination of various circumstances that compromise a pig’s ability to 
develop and grow as well as its contemporaries. As expected, body weights, ADG, and ADFI 
were maximized (P < 0.0001) by heavier WW categories in this experiment (Table 1). This 
may be a reflection of birth weight, as birth weight is highly correlated with weaning weight. 
Furthermore, it is widely accepted that pigs with lighter birth weights grow slower than pigs 
with heavier birth weights (Beaulieu et al, 2010; Rehfeldt and Kuhn, 2006). In our study, 
more revealing was the magnitude of growth differences between WW categories. By the end 
of the experiment, pigs from the LWW category were more than 7.5 kg lighter than pigs from 
the HWW category. In a similar study by Beaulieu et al. (2010), a weight difference of 5.1 kg 
of similarly-aged pigs resulted in a weight difference of 9.6 kg at first pull, and days to a 
common weight at market varied by 10 d. Although pigs in this experiment were fed ad 
libitum, ADFI was only 56 to 70% of projected voluntary feed intake (NRC, 1998). These 
low values may be attributed to the difficulty of adapting weanling pigs to individual 
metabolism crates or may be due to improvements in feed conversion compared to those 
from which the NRC equation was created. The genetic improvement in feed efficiency 
inherently decreases voluntary feed intake (Nyachoti et al., 2004), resulting in an 
overestimation of voluntary feed intake by the NRC equation. In our experiment, feed 
efficiency was affected (P = 0.04) by WW category. Pigs from the LWW category had 
improved (P = 0.01) feed efficiency compared to pigs from the median category, but not (P = 
0.16) those from the highest category.  We have no explanation why the medium category 
had the poorest feed efficiency.   
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When analyzed according to WW(ADG) category, body weights and ADFI were 
again maximized (P < 0.0001; Table 2) by heavier WW and faster ADG. Upon analysis, it 
was apparent that pigs from two of the nine treatments could be classified as ‘fallback pigs’, 
while the remaining seven treatments could be classified as ‘normal contemporaries.’ The 
definition of a fallback pig is arbitrary and varies among different researchers. For this 
experiment, fallback from normal growth performance was characterized by both WW and 
ADG. Thus, pigs from the LWW1 and MWW1 categories were arbitrarily chosen as 
‘fallback pigs’ because they had similar ADG (378 vs. 378 g; P > 0.10); which was 
significantly (P < 0.05) slower than the other seven treatments. Pigs from the HWW1 
category were not chosen as fallback pigs because their mean ADG was significantly greater 
(543 vs. 378 g; P < 0.05) compared to the other slowest ADG categories. Therefore, pigs 
from the LWW3, MWW2, MWW3, HWW1, HWW2, and HWW3 categories were 
characterized as ‘normal contemporaries.’  
Our classification of fallback pigs appears to have been appropriate, because 
compared to all other categories they had significantly poorer (P < 0.05) start weight, final 
weight, ADG, and ADFI. This confirms that fallback pigs have decreased ADG and ADFI 
compared to their heavier counterparts. However, there was no effect (P = 0.30) of 
WW(ADG) category on feed efficiency, which suggests that ADG improvements were 
primarily driven by ADFI. This is similar to results found by Bruininx et al. (2001), but is in 
contrast to a variety of IUGR research (Wu et al., 2006; Nissen and Oksbjerg, 2011) 
providing evidence that while similar, fallback pigs do not embody all physiological traits of 
animals with IUGR.   
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Differences in WW category resulted in very few effects on the physical body 
composition of pigs in the initial slaughter group (Table 3). However, WW category greatly 
affected the body composition and organ weights (Table 4). Pigs from the HWW category 
had greater (P < 0.02) fasted live weight, eviscerated carcass weight, empty body weight, and 
metabolic body weight compared to pigs from the LWW category. However, these 
differences in actual body weights did not (P > 0.12) result in differences when body weights 
were equalized per kg of fasted live weight. Similarly, pigs from the HWW category had 
heavier (P < 0.001) organ weights compared to pigs from the LWW category. This is in 
agreement with the findings by Wang et al. (2005), who reported that pigs with IUGR had 
lighter stomach and small intestine weights compared to normal birth weight littermates. 
Organ weights are inherently confounded by body weight, but pigs from the HWW category 
in our experiment still had lighter (P = 0.03) intestine weights than those from the LWW 
category after equalizing organ weights per kg of empty body weight. This supports the 
hypothesis that light weight pigs have underdeveloped gastrointestinal tracts (Yeung and 
Smyth, 2003). In our experiment, no other differences in organ weights remained (P > 0.07) 
after equalizing organ weights per kg of metabolic body weight. Others have found that 
differences in body composition coincide with differences in pig genotype, even at similar 
live weight (Rook et al., 1987; Quiniou and Noblet, 1995). While all pigs in the current 
experiment were from a similar genotype, these findings suggest that the observed 
differences in body composition are related to physiological differences beyond actual 
weight differences. 
More differences in physical body composition remained after being equalized for 
differences in body weight when analyzed according to WW(ADG) category (Table 5). All 
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actual body weights were maximized (P < 0.0001) by both heavier WW and faster ADG 
categories. When equalized per unit of body weight, WW(ADG) category still greatly 
affected (P < 0.02) eviscerated carcass, organ, and metabolic body weights, but not (P = 
0.28) empty body weight. Intestine and stomach weights remained different (P = 0.001) after 
being equalized per unit of body weight, as reported by Pluske et al. (2003). These internal 
organ weights tended (P < 0.10) to be heaviest in fallback pigs compared to pigs from all 
other WW(ADG) categories. 
Although pigs from the LWW category in the ISG had lower (P = 0.02) GE compared 
to pigs from the HWW category, other measures of chemical body composition did not vary 
considerably (Table 6). The exception is water, which was greater in the LWW category.  
This group tended to have the highest water:protein ratio (P < 0.06), although body protein 
level was constant across all three categories (P > 0.10).  These data also agree with the 
slightly greater GE content of the carcass mentioned above. This is in contrast with the 
majority of data regarding IUGR in pigs and other mammals (Wu et al., 2006). For instance, 
Rehfeldt and Kuhn (2006) found that light birth weight pigs had increased percentage organ 
and decreased percentage muscle compared to heavier pigs. Pigs involved in our growth 
experiment had more expected results, as those from the LWW category had both lighter (P 
= 0.02) empty body weight and decreased (P = 0.01) percentage lipid compared to pigs from 
the HWW category (Table 7). These differences in lipid composition have been shown in 
both pigs and sheep with IUGR. Kampman et al. (1994) found that pigs with IUGR have 
decreased perirenal fat stores, and suggested that these differences may be due to a 
deficiency in IGF-I. In fact, studies in both sheep and neonatal pigs with IUGR have shown 
that IGF-I infusions increase fat accretion levels (Schoknecht et al., 1997). However, these 
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differences did not result (P > 0.10) in differences in other tissue concentrations, nor their 
ratios. All tissue deposition rates, which were calculated as the difference between tissue 
nutrient concentrations of the growth experiment and initial slaughter groups, were lowest (P 
< 0.0001) in pigs from the LWW category compared to other categories, but these 
differences did not remain (P > 0.20) after being equalized for body weight. 
 There were no differences (P > 0.12) in carcass water, lipid, protein, or ash 
concentrations, ratios, or energy content among the WW(ADG) categories (Table 8). 
However, tissue deposition rates were maximized (P < 0.0002) by heavier WW and faster 
ADG categories, even when equalized per unit of body weight. These decreases in tissue 
deposition rates were most extreme in pigs from the lowest ADG categories, which includes 
pigs characterized as fallbacks. This finding is unexpected, because protein and lipid 
deposition rates are expected to be constant when energy intake is above maintenance (de 
Lange and Schreurs, 1995; de Lange et al., 2001). Furthermore, protein synthesis rates have 
been shown to not be affected by IUGR (Davis et al., 1997). Thus, the observed differences 
in tissue deposition suggest that fallback pigs may have different maintenance requirements 
than heavier pigs. The testing of this hypothesis requires an extensive experiment utilizing 
respiration chambers, but may reveal the root cause of fallback in pigs. 
 The direction and magnitude of influence of WW or ADG was further characterized 
by correlations with variables in growth performance, physical body composition, and 
chemical carcass composition (Table 9). Many of these variables were affected by WW or 
ADG. Both ADG and ADFI were moderately positively correlated (P < 0.0001) with WW, 
while feed efficiency was weakly negatively correlated (P = 0.01). Actual body weights were 
strongly positively correlated (P < 0.0001) with WW. However, most organ weights were 
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weakly negatively correlated (P < 0.0001) with WW after being equalized per kg of empty 
body weight. There was no correlation (P = 0.35) between WW and ash:protein ratio were 
observed. However, all other chemical carcass composition percentages, ratios, and 
deposition rates were generally weakly correlated (P < 0.02) with WW. The directions of 
ADG and tissue deposition rates from this experiment were similar to values previously 
published in relation to NE intake by Oresanya et al. (2008), but were weaker correlations. 
 Similarly to WW correlations, ADG was positively correlated (P < 0.0001) with 
ADFI, but weakly negatively correlated (P = 0.02) with feed efficiency. Actual body weights 
were strongly positively correlated (P < 0.0001) with ADG, while blood, heart, intestine, 
kidney, liver, lungs, and stomach were negatively correlated (P < 0.01) with ADG after being 
equalized per kg of empty body weight. There was no correlation (P > 0.39) between ADG 
and spleen weight or water:protein ratio. Meanwhile, ADG was weakly correlated (P < 0.02) 
with other chemical carcass composition percentages. Finally, tissue deposition rates were 
moderately positively correlated (P < 0.0001) with ADG.  
Taken together, these findings confirm that fallback pigs differ in both their biology 
and physiology compared to their heavier contemporaries, and identifies that these 
differences exist primarily in ADFI, intestine and stomach weights, and tissue deposition 
rates, but not feed efficiency or chemical carcass composition. Further studies in nutrient 
digestibility, gut physiology and function, endocrine system regulation, and even gene 
expression are warranted and necessary to fully understand the differences between fallback 
pigs and their normal contemporaries. Additionally, these data further underscore the 
importance of research to understand the mechanisms regulating feed intake. The findings 
from this experiment suggest that fallback pigs may differ in maintenance requirements from 
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their heavier contemporaries; and that many characteristics of fallback pigs differ from those 
with intrauterine growth retardation. 
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Table 1. Effects of WW category on the growth performance of weaned pigs in the growth experiment 
Treatment
1
: LWW MWW HWW 
 
Pooled SEM 
WW 
P = 
Number of pigs 32 31 32 
 
  
Initial weight, kg 4.58
c
 6.15
b
 8.09
a
 
 
0.121 < 0.0001 
Final weight, kg 17.63
c
 20.80
b
 25.19
a
 
 
0.394 < 0.0001 
ADG, g/d 483
c
 543
b
 633
a
 
 
13.2 < 0.0001 
ADFI, g/d 565
c
 666
b
 761
a
 
 
27.3 < 0.0001 
   ADFI, % NRC
2
 56.5
c
 62.5
b
 69.6
a
 
 
2.41 < 0.0001 
Gain:feed, g/g 0.87
a
 0.81
b
 0.84
ab
 
 
0.032 0.04 
1
LWW = lightest 10% weaning weight; MWW = median 10% weaning weight; HWW = heaviest 10% weaning weight.
 
2
Calculated by dividing the actual DE intake by the estimated DE intake (8): DE intake (Mcal/d) = -1.531 + (0.4555 × WW) - 
(0.00946 × WW
2
). 
abcdef
Means within a row that do not share a common superscript differ P < 0.05. 
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Table 2. Effects of WW and ADG category on the growth performance of weaned pigs in the growth experiment 
Treatment
1
: LWW1 LWW2 LWW3 
 
MWW1 MWW2 MWW3 
 
HWW1 HWW2 HWW3  
Pooled 
SEM 
WW(ADG) 
P = 
Number of pigs 11 10 11 
 
11 10 10 
 
11 10 11   
 Start weight, kg 4.10
f
 4.65
e
 5.00
de
 
 
5.35
d
 6.30
c
 6.80
c
 
 
7.51
b
 7.88
b
 8.88
a
  0.191 < 0.0001 
Final weight, kg 14.30
e
 18.23
d
 20.36
c
 
 
15.57
e
 21.93
c
 24.90
b
 
 
22.20
c
 25.07
b
 28.32
a
  0.682 < 0.0001 
ADG, g/d 378
f
 503
e
 569
d
 
 
378
f
 579
cd
 672
ab
 
 
543
de
 637
bc
 719
a
  22.9 < 0.0001 
ADFI, g/d 421
f
 601
e
 673
cde
 
 
455
f
 699
cd
 845
ab
 
 
655
de
 758
bc
 872
a
  37.5 < 0.0001 
   ADFI, % NRC
2
 47.9
f
 59.1
e
 62.3
cde
 
 
48.9
f
 63.6
cd
 74.9
ab
 
 
59.3
de
 68.1
bc
 81.3
a
  3.08 < 0.0001 
Gain:feed, g/g 0.92 0.84 0.85 
 
0.82 0.83 0.79 
 
0.85 0.85 0.82  0.039 0.30 
1
LWW1 = lightest 10% WW, slowest 33% ADG; LWW2 = lightest 10% WW, median 33% ADG; LWW3 = lightest 10% WW, fastest 33% ADG; MWW1 
= median 10% WW, slowest 33% ADG; MWW2 = median10% WW, median 33% ADG; MWW3 = median 10% WW, fastest 33% ADG;
 
HWW1 = 
heaviest 10% WW, slowest 33% ADG; HWW2 = heaviest 10% WW, median 33% ADG; HWW3 = heaviest 10% WW, fastest 33% ADG.
 
2
Calculated by dividing the actual DE intake by the estimated DE intake using the equation by NRC, 1998: DE intake (Mcal/d) = -1.531 + (0.4555 × BW) - 
(0.00946 × BW
2
).
 
abcdef
Means within a row that do not share a common superscript differ P < 0.05. 
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Table 3. Effects of WW category on the physical body composition of weaned pigs in the 
initial slaughter group, wet basis 
Treatment
1
: LWW MWW HWW 
Pooled 
SEM 
WW 
P = 
Number of pigs 8 8 8   
Weight, kg 
   
  
   Fasted live weight 5.1 6.2 6.8 0.50 0.07 
   Eviscerated carcass 4.1 4.9 5.5 0.41 0.07 
   Organ 0.8 0.9 0.9 0.08 0.16 
   EBW
2
 4.8 5.8 6.4 0.47 0.08 
   Metabolic BW
3
 2.3
c
 2.8
b
 3.4
a
 0.03 < 0.0001 
Weight, g/kg live weight 
   
  
   Eviscerated carcass 804 790 804 9.9 0.28 
   Organ 151 150 139 7.6 0.08 
   EBW
2
 954 940 943 5.4 0.10 
   Metabolic BW
3
 497 465 526 41.3 0.58 
Organ weight, g 
   
  
   Blood 209 270 269 37.7 0.15 
   Heart 31 35 38 4.2 0.52 
   Intestines, empty 253 312 298 24.9 0.22 
   Kidneys 31 36 39 7.0 0.34 
   Liver 124 140 154 3.2 0.22 
   Lungs 67 80 79 11.4 0.22 
   Spleen 13 15 14 2.0 0.79 
   Stomach, empty 32 40 38 3.6 0.09 
Organ weight, g/kg EBW
2
 
   
  
   Blood 42.8 49.7 42.2 5.75 0.29 
   Heart 6.25 6.03 5.94 0.43 0.83 
   Intestines, empty 52.9 53.0 48.3 2.84 0.40 
   Kidneys 6.5 6.3 6.1 0.34 0.68 
   Liver 25.8 24.2 24.0 0.83 0.20 
   Lungs 14.3 13.9 12.2 1.00 0.28 
   Spleen 2.7 2.5 2.2 0.26 0.41 
   Stomach, empty 6.7 6.9 6.1 0.52 0.31 
1
LWW = lightest 10% weaning weight; MWW = median 10% weaning weight; HWW = 
heaviest 10% weaning weight.
 
2
EBW = empty body weight: the sum the eviscerated carcass weight (including head and 
feet) and organ weight (including all organs listed and blood, but not digestive contents)
 
3
Calculated using the equation by Noblet et al., 1999: Metabolic BW = BW
0.60
.
 
abc
Means within a row that do not share a common superscript differ P < 0.05. 
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Table 4. Effects of WW category on the physical body composition of weaned pigs in the 
growth experiment, wet basis 
Treatment
1
: LWW MWW HWW 
Pooled 
SEM 
WW 
P = 
Number of pigs 32 31 32  
 Weight, kg 
   
 
    Fasted live weight 18.6
b
 20.0
ab
 21.6
a
 0.77 < 0.0001 
   Eviscerated carcass
2
 14.6
b
 16.1
ab
 17.4
a
 0.63 0.02 
   Organ
3
 3.0 3.0 3.2 0.11 0.49 
   Empty body weight
4
 16.2
c
 19.5
b
 22.9
a
 0.43 < 0.0001 
   Metabolic body weight
5
 5.9
b
 6.0
ab
 6.5
a
 0.14 0.002 
Weight, g/kg live weight 
   
 
    Eviscerated carcass
2
 785 798 803 5.4 0.14 
   Organ
3
 162 153 151 3.6 0.13 
   Empty body weight
4
 947 951 953 3.9 0.68 
   Metabolic body weight
5
 320 310 312 14.4 0.89 
Organ weight, g 
   
 
    Blood 691
c
 878
b
 983
a
 26.0 < 0.0001 
   Heart 97
c
 111
b
 127
a
 2.9 < 0.0001 
   Intestines, empty
6
 1,017
b
 1,120
ab
 1,204
a
 35.2 0.001 
   Kidneys 94
c
 115
b
 138
a
 3.7 < 0.0001 
   Liver 403
c
 454
b
 509
a
 11.9 < 0.0001 
   Lungs 192
b
 214
b
 256
a
 8.8 < 0.0001 
   Spleen 39
b
 45
b
 53
a
 2.2 < 0.0001 
   Stomach, empty 125
c
 141
b
 162
a
 3.6 < 0.0001 
Organ weight, g/kg EBW
4
 
   
 
    Blood 45.0 45.7 46.4 1.74 0.88 
   Heart 6.1 5.8 5.7 0.15 0.17 
   Intestines, empty
6
 66.2
a
 59.1
b
 55.7
b
 2.39 0.03 
   Kidneys 6.1 6.0 6.3 0.20 0.45 
   Liver 25.4 23.7 23.3 0.75 0.16 
   Lungs 12.7 11.1 11.5 0.52 0.08 
   Spleen 2.3 2.3 2.3 0.11 0.82 
   Stomach, empty 8.0 7.6 7.6 0.35 0.71 
1
LWW = lightest 10% weaning weight; MWW = median 10% weaning weight; HWW = 
heaviest 10% weaning weight.
 
2
Carcass weight (including head and feet) after organs, blood, and digestive contents were 
removed. 
3
The sum of the blood, heart, intestines and mesentery, kidneys, liver, lungs, spleen, and 
stomach, but not digestive contents. 
4
EBW = empty body weight; the sum the eviscerated carcass weight and organs, but not 
digesta. 
5
Calculated using the equation by Noblet et al., 1999: Metabolic BW = BW
0.60
. 
6
Included mesentery. 
abc
Means within a row that do not share a common superscript differ P < 0.05. 
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Table 5. Effects of initial WW and ADG category on the physical body composition of weaned pigs in the growth experiment, wet basis 
Treatment1: LWW1 LWW2 LWW3   MWW1 MWW2 MWW3  HWW1 HWW2 HWW3  
Pooled 
SEM 
WW(ADG) 
P = 
Number of pigs 11 10 11  11 10 10  11 10 11    
Weight, kg 
   
 
   
 
   
   
   Fasted live weight 15.4e 19.5cd 20.9cd  15.5de 20.7c 23.9b  17.1de 21.6c 26.1a  1.13 < 0.0001 
   Eviscerated carcass 12.2e 15.6cd 16.0cd  12.2e 16.5c 19.4b  13.5de 17.5c 21.3a  0.94 < 0.0001 
   Organ 2.4d 3.0c 3.7ab  2.5d 3.2bc 3.4b  2.8c 3.0c 3.8a  0.16 < 0.0001 
   EBW2 14.6d 18.6cd 19.7cd  14.7d 19.7cd 22.8b  16.3d 20.5c 25.0a  1.07 < 0.0001 
   Metabolic BW3 5.3e 6.1d 6.4cd  4.9f 6.3d 6.8b  5.5e 6.7bc 7.2a  0.20 < 0.0001 
Weight, g/kg live weight 
   
 
   
 
   
   
   Eviscerated carcass 788bc 800ab 768c  781bc 799ab 814a  787bc 809a 813a  8.2 0.0004 
   Organ 159a 152ab 175a  163a 153ab 143b  168a 140b 144b  5.3 < 0.0001 
   EBW2 947 952 943  945 951 957  952 949 957  5.9 0.28 
   Metabolic BW3 345a 311abcd 305bcd  337ab 306bcd 288cd  329abcd 330abc 277d  22.6 0.02 
Organ weight, g 
   
 
   
 
   
   
   Blood 611d 808c 1,000ab  703cd 913bc 972ab  835bc 890bc 1,053a  58.9 < 0.0001 
   Heart 88d 109c 128abc  86d 111c 129ab  98cd 119bc 134a  7.6 < 0.0001 
   Intestines, empty 957c 1,089bc 1,413a  937b 1,153b 1,220ab  1,028bc 968c 1,353a  78.8 < 0.0001 
   Kidneys 85e 109cd 129bc  89de 118bc 130b  111bcd 120bc 150a  7.6 < 0.0001 
   Liver 367c 461b 510ab  359c 455b 523a  409bc 451b 553a  24.0 < 0.0001 
   Lungs 178b 209ab 287a  178b 213ab 242a  192ab 223a 282a  19.9 < 0.0001 
   Spleen 36d 46c 42cd  31d 45c 54ab  34d 48bc 57a  3.8 < 0.0001 
   Stomach, empty 120c 130bc 167ab  123c 143b 153b  138bc 149b 171a  8.6 < 0.0001 
Organ weight, g/kg EBW2 
   
 
   
 
   
   
   Blood 42.0 43.5 49.5  47.9 46.5 42.7  52.8 44.5 42.0  2.61 0.10 
   Heart 6.0 5.9 6.5  6.0 5.6 5.6  6.0 5.8 5.4  0.23 0.19 
   Intestines, empty 66.1a 59.1b 73.4a  65.0ab 59.3ab 53.1bc  65.1ab 47.7c 54.3b  3.53 0.001 
   Kidneys 5.8 5.8 6.5  6.2 6.0 5.7  6.9 5.9 6.0  0.30 0.35 
   Liver 25.4 24.8 26.0  25.2 23.0 22.9  25.1 22.5 22.2  1.10 0.27 
   Lungs 12.2 11.2 14.6  12.0 10.8 10.6  12.1 11.1 11.3  0.75 0.18 
   Spleen 2.4 2.5 2.1  2.1 2.3 2.4  2.1 2.4 2.3  0.16 0.45 
   Stomach, empty 8.4ab 7.0c 8.6a  8.9a 7.3c 6.7c  8.6a 7.4bc 6.9c  0.51 0.001 
1LWW1 = lightest 10% WW, slowest 33% ADG; LWW2 = lightest 10% WW, median 33% ADG; LWW3 = lightest 10% WW, fastest 33% ADG; MWW1 = median 10% 
WW, slowest 33% ADG; MWW2 = median10% WW, median 33% ADG; MWW3 = median 10% WW, fastest 33% ADG; HWW1 = heaviest 10% WW, slowest 33% ADG; 
HWW2 = heaviest 10% WW, median 33% ADG; HWW3 = heaviest 10% WW, fastest 33% ADG.  
2EBW = empty body weight: sum of eviscerated carcass weight (including head and feet) and organ weight (including all organs and blood, but not digesta). 
3Metabolic body weight; calculated using the equation by Noblet et al., 1999: Metabolic BW = BW0.60. 
abcdeMeans within a row that do not share a common superscript differ P < 0.05. 
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Table 6.  Effects of WW category on the chemical body composition of weaned pigs in the 
initial slaughter group, dry basis 
Treatment
1
: LWW MWW HWW 
Pooled 
SEM 
WW 
P = 
Number of pigs 8 8 8   
Empty body weight
2
      
   Water, % 69.0
a
 66.8
b
 65.7
b
 0.73 0.002 
   Protein % 15.1 15.7 15.6 0.35 0.46 
   Lipid, % 14.7 15.2 16.0 0.59 0.28 
   Ash, % 2.8 2.9 2.9 0.07 0.23 
   Lipid:protein ratio 0.98 0.97 1.03 0.050 0.69 
   Water:protein ratio 4.6 4.3 4.2 0.12 0.06 
   Ash:protein ratio 0.18 0.19 0.19 0.003 0.40 
   GE, Mcal/kg 5.67
b
 5.87
ab
 5.98
a
 0.074 0.02 
1
LWW = lightest 10% weaning weight; MWW = median 10% weaning weight; HWW = 
heaviest 10% weaning weight.
 
2
EBW = empty body weight: sum of eviscerated carcass weight (including head and feet) and 
organ weight (including all organs and blood, but not digesta).
 
ab
Means within a row that do not share a common superscript differ P < 0.05.
 
95 
 
Table 7. Effects of WW category on chemical body composition of weaned pigs in the 
growth experiment, dry basis 
Treatment
1
: LWW MWW HWW 
Pooled 
SEM P = 
Number of pigs 32 31 32  
 Empty body weight
2
     
   Water, % 71.0 70.2 69.8 0.57 0.10 
   Protein % 15.3 15.6 15.4 0.32 0.63 
   Lipid, % 11.0
b
 11.6
ab
 12.2
a
 0.28 0.01 
   Ash, % 2.9 2.9 2.9 0.06 0.77 
   Lipid:protein ratio 0.57 0.76 0.68 0.067 0.16 
   Water:protein ratio 5.1 4.1 4.8 0.55 0.43 
   Ash:protein ratio 0.19 0.19 0.19 0.003 0.84 
   GE, Mcal/kg 5.87 5.91 5.92 0.045 0.61 
Deposition rate, g/d 
   
 
    Water 287
c
 347
b
 415
a
 9.9 < 0.0001 
   Protein 61
c
 75
b
 89
a
 2.9 < 0.0001 
   Lipid 37
c
 50
b
 62
a
 2.5 < 0.0001 
   Ash 11
c
 14
b
 17
a
 0.5 < 0.0001 
Deposition rate, g·d
-1
·kg
-1
 EBW
2
 
   
 
    Water 17.5 17.7 17.8 0.27 0.62 
   Protein 3.7 3.7 3.8 0.17 0.76 
   Lipid 2.2 2.3 2.6 0.17 0.20 
   Ash 0.7 0.7 0.7 0.03 0.80 
1
LWW = lightest 10% weaning weight; MWW = median 10% weaning weight; HWW = 
heaviest 10% weaning weight.
 
2
EBW = empty body weight; the sum the eviscerated carcass weight (including head and 
feet), organs, and blood, but not digestive contents.
 
abc
Means within a row that do not share a common superscript differ P < 0.05.
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Table 8. Effects of WW and ADG category on the chemical body composition of weaned pigs in the growth experiment, dry basis 
Treatment1: LWW1 LWW2 LWW3   MWW1 MWW2 MWW3 
 
HWW1 HWW2 HWW3  
Pooled 
SEM 
WW(ADG) 
P = 
Number of pigs 11 10 11 
 
11 10 10 
 
11 10 11    
Empty body weight2             
   Water, % 71.4 70.3 71.3 
 
71.2 69.7 69.6 
 
70.5 70.2 68.9  0.79 0.23 
   Protein % 15.3 15.8 14.7 
 
15.2 15.8 15.8 
 
15.2 15.2 15.9  0.42 0.12 
   Lipid, % 10.9 11.1 10.9 
 
10.7 11.9 12.1 
 
11.8 12.4 12.6  0.45 0.19 
   Ash, % 2.9 3.0 2.7 
 
2.8 3.0 3.0 
 
2.8 2.9 3.0  0.09 0.25 
   Lipid:protein ratio 0.46 0.60 0.66 
 
0.90 0.68 0.70 
 
0.59 0.73 0.72  0.116 0.59 
   Protein:water ratio 5.7 4.5 5.2 
 
3.2 4.4 4.8 
 
5.1 4.8 4.5  0.89 0.79 
   Ash:protein ratio 0.19 0.19 0.19 
 
0.19 0.19 0.19 
 
0.19 0.19 0.19  0.005 0.89 
   GE, Mcal/kg 5.86 5.84 5.91 
 
5.89 5.91 5.94 
 
5.77 5.98 6.02  0.070 0.19 
Deposition rate, g/d 
           
   
   Water 210f 300de 350c 
 
257ef 358c 428b 
 
332cd 427b 486a  17.1 < 0.0001 
   Protein 45e 69d 70d 
 
51e 80cd 94b 
 
68d 89bc 110a  4.9 < 0.0001 
   Lipid 25f 41de 46d 
 
30ef 53cd 66ab 
 
43d 66bc 79a  4.4 < 0.0001 
   Ash 9e 13d 13d 
 
9e 15cd 18ab 
 
13d 17bc 20a  0.9 < 0.0001 
Deposition rate, g·d-1·kg-1 EBW2 
           
   
   Water 42.1d 52.6c 57.3bc 
 
50.3c 56.1bc 62.1ab 
 
51.4c 61.7ab 65.4a  2.63 < 0.0001 
   Protein 8.9e 12.0bcd 11.5bcd 
 
9.7de 12.4abc 13.7ab 
 
10.6cde 12.9abc 14.8a  0.90 0.0002 
   Lipid 4.9f 7.2cde 7.5bcde 
 
5.4ef 8.4abcd 9.6ab 
 
6.7def 9.5abc 10.5a  0.82 0.0002 
   Ash 1.7e 2.2bcd 2.1bcde 
 
1.8de 2.3abc 2.6ab 
 
1.9cde 2.4ab 2.8a  0.17 0.0002 
1LWW1 = lightest 10% WW, slowest 33% ADG; LWW2 = lightest 10% WW, median 33% ADG; LWW3 = lightest 10% WW, fastest 33% ADG; MWW1 = median 10% 
WW, slowest 33% ADG; MWW2 = median10% WW, median 33% ADG; MWW3 = median 10% WW, fastest 33% ADG; HWW1 = heaviest 10% WW, slowest 33% ADG; 
HWW2 = heaviest 10% WW, median 33% ADG; HWW3 = heaviest 10% WW, fastest 33% ADG. 
2EBW = empty body weight: sum of eviscerated carcass weight (including head and feet) and organ weight (including all organs and blood, but not digesta). 
abcdefMeans within a row that do not share a common superscript differ P < 0.05. 
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Table 9. Correlations among ADG or WW and growth performance or carcass composition. 
 Correlations with WW  Correlations with ADG 
Variable Coefficient P =  Coefficient P = 
Growth performance      
   ADG 0.462 < 0.0001  - - 
   ADFI 0.455 < 0.0001  0.654 < 0.0001 
   G:F -0.127 0.01  -0.106 0.02 
Physical carcass composition      
   Eviscerated carcass weight
1
 0.614 < 0.0001  0.823 < 0.0001 
   Organ weight
2
 0.519 < 0.0001  0.768 < 0.0001 
   Empty body weight
3
 0.608 < 0.0001  0.825 < 0.0001 
   Metabolic body weight
4
 0.613 < 0.0001  0.849 < 0.0001 
   Blood weight per EBW
3
 0.054 0.003  -0.109 < 0.0001 
   Heart weight per EBW
3
 -0.301 < 0.0001  -0.352 < 0.0001 
   Intestine weight, per EBW
3,5
 -0.452 < 0.0001  -0.439 < 0.0001 
   Kidney weight, per EBW
3
 0.109 < 0.0001  -0.044 0.01 
   Liver weight, per EBW
3
 -0.399 < 0.0001  -0.402 < 0.0001 
   Lungs weight, per EBW
3
 -0.169 < 0.0001  -0.255 < 0.0001 
   Spleen weight, per EBW
3
 -0.151 < 0.0001  -0.015 0.39 
   Stomach weight, per EBW
3
 -0.228 < 0.0001  -0.506 < 0.0001 
Chemical carcass composition      
   Water, % -0.209 < 0.0001  -0.186 < 0.0001 
   Protein % 0.058 0.002  0.068 0.0002 
   Lipid, % 0.346 < 0.0001  0.207 < 0.0001 
   Ash, % 0.060 0.001  0.059 0.001 
   Lipid:protein ratio 0.116 < 0.0001  0.046 0.01 
   Water:protein ratio -0.052 0.01  -0.006 0.76 
   Ash:protein ratio -0.017 0.35  -0.070 0.0001 
   Water depot rate, per EBW
3
 0.083 < 0.0001  0.568 < 0.0001 
   Protein depot rate, per EBW
3
 0.052 0.01  0.418 < 0.0001 
   Lipid depot rate, per EBW
3
 0.167 < 0.0001  0.425 < 0.0001 
   Ash depot rate, per EBW
3
 0.043 0.02  0.412 < 0.0001 
1 
Carcass weight (including head and feet) after organs, blood, and digestive contents were 
removed. 
2 
The sum of the blood, heart, intestines and mesentery, kidneys, liver, lungs, spleen, and 
stomach, but not digestive contents. 
3 
Empty body weight = the sum the eviscerated carcass weight and organs, but not digestive 
contents. 
4
Calculated using the equation by Noblet et al., 1999: Metabolic BW = BW
0.60
. 
5 
Included mesentery. 
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Figure 1. Experimental design: from 960 total pigs, 40 barrows were selected from the 10% 
lightest (LWW), median (MWW), and heaviest (HWW) weaning weight categories for the 
experiment (120 total pigs). Eight pigs per WW category were harvested on d 5 post-weaning as 
an initial slaughter group. The remaining 32 pigs per WW category (11 slowest ADG, 10 median 
ADG, 11 fastest ADG per WW category) were harvested after a 27-d growth and metabolism 
experiment. After the completion of the experiment, WW categories were further stratified into 
the slowest, median, and fastest 33% ADG categories (slowest = 1, median = 2, fastest = 3) 
within each WW category, This yielded a nested trial design, where 3 ADG categories (1, 2, 3) 
were nested within 3 WW categories (LWW, MWW, HWW), for a total of 9 treatments.  
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CHAPTER 3. VARIATION IN NUTRIENT AND ENERGY DIGESTIBILITY AND 
ENERGY INTAKE ARE KEY CONTRIBUTORS TO DIFFERENCES IN POST-
WEANING GROWTH PERFORMANCE 
 
A paper submitted to The Journal of Animal Science 
 
Cassandra Jones and John Patience 
 
Abstract 
Fallback pigs represent a significant source of lost production and profitability in the 
swine industry. To date, no experiments have classified how these pigs utilize dietary nutrients, 
one of the primary costs involved in pork production. The objective of this experiment was to 
characterize how pigs with varying weaning weights (WW) and post-weaning growth 
performance differ in apparent total tract digestibility (ATTD) of energy or nutrient digestibility 
or in energy utilization. Ninety-six barrows were selected from 960 to represent the 10% lightest, 
median, and heaviest at weaning (n = 32 pigs per WW category). Pigs were housed in 
metabolism crates for an acclimation period and a 27-d study and fed ad libitum quantities of a 
common diet containing titanium dioxide as an indigestible marker. Fecal grab samples and total 
urine were collected during 3-d collections at the beginning and end of the experiment. After the 
experiment, pigs within each WW category were further stratified into the 33% slowest, median, 
or fastest ADG categories. This resulted in a total of nine treatments in a nested design. Data 
were analyzed using the GLIMMIX procedure of SAS.  There were no differences (P > 0.33) in 
ATTD according to WW at the beginning or end of the experiment; nor were there differences (P 
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> 0.20) when ADG was nested within WW at the beginning of the experiment. However, the 
ATTD of DM, GE, N, and ash, as well as the related DE, ME, and NE content, were highest (P < 
0.01) in the median ADG categories of pigs at the end of the experiment. Energy intake 
increased with increasing WW (P < 0.0001; NE intake = 1.40, 1.64, and 1.89 Mcal/d for pigs 
from the lightest, median, and heaviest WW, respectively). However, the ratio of 
calculated:actual ME intake was lower in LWW pigs than HWW pigs (P =0.04; 1.03 vs. 1.10 for 
LWW vs. HWW pigs, respectively). When ADG was nested within WW category, both 
increasing WW and ADG increased (P < 0.0001) energy intake, utilization, efficiency for gain, 
energy retained as tissue, and retained GE. There were again differences (P = 0.03) in 
calculated:actual ME intake ratio, which we hypothesize are due to differences in 
thermoneutrality, and therefore maintenance requirements. It appears that depressed post-
weaning ADG is driven by a combination of poor nutrient digestibility, energy intake, and cold 
stress, which may provide avenues for more directed pig management strategies in the future to 
minimize variation within a group. 
Keywords: digestibility, energy, fallback, nutrition, pig 
Introduction 
Fallback pigs are those that fail to achieve growth performance in the barn equal to that 
of their contemporaries. Pigs can be born as fallback pigs, in that they have a lighter birth weight 
and thus diminished capacity for postnatal growth due to intrauterine growth retardation (IUGR; 
Gondret et al., 2005 and 2006). In 1992, Hales and Barker proposed the ‘thrifty phenotype 
hypothesis’ which suggested mammals deprived of adequate fetal nutrition develop 
physiological defects or deficiencies that lead to poor postnatal growth due to fetal programming. 
This suggests that pigs with IUGR may not have the biological capacity to digest nutrients or 
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utilize dietary energy as well as their normal contemporaries. Many experiments have been 
conducted regarding the role of birth weight and IUGR on overall performance (Père et al., 2002; 
Wu et al., 2006; Bérard et al., 2008;Beaulieu et al., 2010). However, we are unaware of any 
experiments that have accounted for extreme variations in weaning weight or early growth 
performance within those different weaning weight categories.  
While IUGR is probably a significant cause of fallback, pigs with similar birth or 
weaning weights can become fallback pigs due to other stressors including poor appetite, 
environmental conditions, or disease. Recently, a form of fallback has been described as 
periweaning failure to thrive syndrome, although it seems unrelated to pathogen presence (PFTS; 
Huang et al., 2011, 2012). However, it seems plausible that fallback is related to depressed 
energy or nutrient digestibility, or even dysregulation of energetic efficiencies or maintenance 
energy. Further understanding of the etiology of fallback pigs will allow us to reassess pig 
feeding and care procedures, and may potentially lead to improved management strategies. 
Therefore, the objective of this experiment was to characterize how pigs with varying weaning 
weights and post-weaning growth performance differ in apparent energy and nutrient 
digestibility as well as energy utilization. 
Materials and Methods 
 All experimental procedures adhered to the ethical and humane use of animals for 
research, and were approved by the Iowa State University Institutional Animal Care and Use 
Committee (#9-09-6807-S).  
 Animals, housing, diets, and experimental design. Twenty-four barrows in each of 4 
replicates provided a total of 96 weanling pigs (PIC C22/C29 × 337) utilized in this metabolism 
experiment. At 18 to 22 days of age, 960 pigs (5.77 ± 3.92 kg) were weaned and immediately 
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transported to the Iowa State University Swine Nutrition Farm with no knowledge of initial birth 
weight or litter background from a contracted sow herd. Upon arrival, pigs were weighed and 
tagged with an individual identification number. Weaning weights of these pigs were recorded 
for all barrows that did not exhibit physical deformities or outward signs of ill health (n = 472; 
5.81 ± 3.72 kg). From these barrows, 32 (8 per replicate) were randomly selected from each of 
the 10% lightest (LWW), median (MWW), and heaviest (HWW) weaning weights for the 
experiment (96 total pigs).  
 Pigs were blocked by WW category and randomly allotted to individual 0.53 × 0.71 m 
stainless steel, fully slatted pens for a 5-d acclimation period followed by a 27-d metabolism 
experiment. A single-hole self-feeder and nipple waterer fitted with a cup in each pen allowed 
for ad libitum access to feed and water. Pigs were fed common diets based on a commercial 
phase-feeding program (TechStart Easy Wean D-CTC400, 12-17 D-CTC400, 17-25 D-CTC400, 
and 25-40 D-CTC400, Kent Feeds, Inc., Muscatine, IA; Table 1). Diets during the collection 
periods contained 0.40% titanium dioxide to serve as an indigestible marker. All diets included -
38.6 ppm tiamulin hydrogen fumarate and 440.9 ppm chloratetracycline, which served as feed-
grade antibiotics. One barrow from the MWW category was removed from the experiment, 
humanely euthanized, and confirmed positive for Haemophilus parasuis. No other pigs were 
removed from the experiment or showed signs of illness.  
Pigs were weighed and feed disappearance was measured weekly. After the completion 
of the experiment, WW categories were further stratified into the slowest, median, and fastest 
33% ADG categories (slowest = 1, median = 2, fastest = 3) within each WW category (Figure 1). 
This yielded a nested trial design, where 3 ADG categories (1, 2, 3) were nested within 3 WW 
categories (LWW, MWW, HWW), for a total of 9 treatments.  
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 Sample collection, analyses, and calculations. Total urine and fecal grab samples were 
collected twice daily during 3-d collection periods at the beginning (d 1, 2, 3) and end (d 25, 26, 
27) of the 27-d metabolism experiment. Urine was acidified with 6 N HCl to achieve a pH less 
than 3, filtered, subsampled at each collection, and stored at -20˚C. Urine was thawed, refiltered, 
and analyzed for N content without prior drying. Fecal grab samples were stored at -20˚C, 
lyophilized, ground through a 0.5-mm screen, and analyzed for DM, ash, ADF, crude fat, GE, N, 
and titanium content. Feed samples were stored at -20˚C, ground through a 0.5-mm screen, and 
analyzed for DM, ash, ADF, crude fat, GE, N, starch, and titanium concentration (Table 1). On d 
33 or 34 of the experiment, pigs were humanely euthanized via captive bolt stunning and 
exsanguination. Whole carcasses including blood, organs, head, and feet, were homogenized, 
subsampled, lyophilized, ground through a 1-mm screen, and analyzed for GE. 
 Percentage DM and ash were determined according to modified methods 930.15 and 942.05 
(AOAC Int., 2007), respectively, where samples were dried at 105˚C or 600˚C, respectively to a 
constant weight. Percentage ADF was determined according to method 973.18 (AOAC Int., 
2007). Crude fat was determined by ether extraction with acid hydrolysis according to methods 
920.39 and 954.02 (AOAC Int., 2007). Benzoic acid was used as the standard for calibration 
(6,318 ± 18 kcal/kg) for GE using bomb calorimetry, and was determined to be 6,321 ± 9 
kcal/kg. Nitrogen content was determined by Kjeldahl according to method 981.13 (AOAC Int., 
2007). Calibration was conduction with a glycine standard (N content 18.7 ± 0.1%). Upon 
analysis, N content of the glycine standard was 18.7 ± 0.06%. Crude protein was expressed as 
nitrogen × 6.25. Starch in feed samples was analyzed utilizing a total starch kit (Megazyme K-
TSTA, Wicklow, Ireland) according to method 996.11 (AOAC Int., 2007). Total tract starch 
digestibility was assumed to be 100%, and was thus not analyzed in fecal samples. Titanium was 
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analyzed according to Leone (1973). All chemical analyses were carried out in duplicate, and 
repeated when intra-duplicate coefficient of variation exceeded 1%.  
 Dry matter and apparent total tract digestibility of nutrients were calculated according to 
the equations of Oresanya et al. (2007): DM Apparent Digestibility (%) = 100% - [(Diet Marker 
Concentration ÷ Feces Marker Concentration) × 100] or Nutrient ATTD Coefficient (%) = 100% 
- {[(Diet Index Marker Concentration ÷ Feces Index Marker Concentration) × (Feces Nutrient 
Concentration ÷ Diet Nutrient Concentration)] × 100}. Metabolizable energy was calculated 
according to the equation by Noblet and Perez (1993): ME (Mcal/kg) = DE × [1.003 – (0.0021 × 
%CP)]. Net energy was calculated according to Noblet et al. (1994): NE (Mcal/kg) = 0.700 × DE 
+ 1.61 × ether extract + 0.48 × starch - 0.91 × CP - 0.87 × ADF.  
Jones et al. (2012) reported the ADFI, ADG, and tissue deposition rates associated with 
this experiment, which are utilized for calculations in this manuscript. Daily energy intake for 
each pig was calculated according to the equation: Energy intake (Mcal/d) = determined dietary 
energy concentration × individual ADFI. Net energy for maintenance was calculated according 
to the equation by Just (1982): NE  (Mcal) = 0.078 Mcal × BW
0.75
. Net energy remaining for 
growth was calculated according to the equation: Energy for growth (Mcal) = energy intake - 
energy required for maintenance. Net energy efficiency for gain was calculated according to the 
equation: Energy efficiency for gain (Mcal/kg) = energy for growth ÷ ADG. ME required for 
maintenance was calculated according to the equation by NRC (1998): MEmaintenancne (Mcal/d) = 
0.106 Mcal/d × BW
0.75
. The ME required for tissue deposition was calculated using the equation 
by Kielanowski, 1965: ME required for tissue deposition (Mcal/d) = tissue deposition rate (g/d) 
÷ efficiency for tissue deposition (kcal ME/g). Efficiency for protein deposition (kp) is 10.03, 
while efficiency for lipid deposition (kl) is 11.65 (Patience, 2012). Energy retained as tissue was 
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calculated using the equations by Ewan (2001): Energy retained as protein (kg) = protein 
deposition rate × 5.66, or energy retained as lipid (kg) = lipid deposition rate × 9.46.  
 Statistical analyses. Data were analyzed using the GLIMMIX procedure of SAS (Version 
9.2, SAS Institute, Cary, NC), where individual pig served as the experimental unit. The model 
consisted of the fixed effects of WW (lightest, median, or heaviest) category and ADG (slowest, 
median, or fastest) category nested within WW category, and the random effects of replicate and 
pen. Least squared means were calculated, and treatments were compared using the SLICE and 
SLICEDIFF procedures. Tukey-Kramer corrections were used to adjust for multiple comparisons 
among treatments and to minimize possible ß-errors. Results were considered significant if P 
was < 0.05 and trends if P was > 0.05 and < 0. 10. The degree to which growth performance and 
carcass characteristics were related to WW and ADG categories was determined with Pearson 
correlation coefficients using the CORR procedure of SAS. 
Results and Discussion 
Low weaning weights and poor post-weaning growth performance, which are 
characteristic problems associated with fallback pigs, can possibly be attributed to poor energy 
and nutrient digestibility or reduced utilization. Interestingly, the ATTD of measured nutrients 
and dietary energy content did not vary (P > 0.35) with WW category during either collection 
period (Table 2); nor did it vary (P > 0.20) when ADG was nested within WW category during 
the first collection period (Table 3).  However, the ATTD of DM, GE, N, and ash, as well as 
dietary DE, ME and NE, were affected (P < 0.01) by WW(ADG) at the end of the experiment, 
with the greatest digestibility and energy among the median ADG categories of pigs. While it 
may be more intuitive for digestibilities and energy to be maximized by the fastest ADG, other 
researchers (Bérard et al, 2008; Beaulieu et al, 2010) have found that some variables are, indeed, 
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maximized by the median category. This underscores the importance of managing the entire 
variation of a population, and not just the poorest performers.  
In addition to the differences in digestibility, it is important to note the substantial 
increase in determined dietary energy concentration between d 5 and 32 post-weaning. During 
the 27-d experimental period, average ME increased 280 kcal/kg, or 8.4%. While this is a 
dramatic escalation during a short time period, these increases reinforce concepts previously 
introduced by Noblet and van Milgen (2004) that pig body weight affects the energy value of 
nutrients. Additionally, we must consider the physiological changes occurring in the pig during 
this time period. Even with a 5-d post-weaning acclimation period, the pig is still likely 
experiencing some of the detrimental effects of the weaning process, and is recovering from 
weaning-related villous atrophy (van Beers-Schreurs et al., 1998) and reduced absorptive 
capacity (Nabuurs et al., 1993). Digestive development is also changing during this time period, 
where lactase activity is decreasing, while protease, amylase, maltase, and sucrase activities are 
increasing (Kitts et al., 1956; Manners and Stevens, 1972). Thus, the digestibility of energy was 
expected to increase from d 5 to 32 post-weaning; however, the magnitude of this increase – 
17% – is noteworthy. 
In a previous manuscript (Jones et al., 2012), we reported that ADFI increased with 
increasing WW. These improvements in ADFI directly correspond with the observed 
improvements (P < 0.0001) in DE, ME, and NE intake reported in Table 4. Additionally, in this 
study, we have reported that heavier WW categories increased (P < 0.0001) energy utilization, 
and efficiency of energy use for gain compared with pigs with a lighter WW. The equation for 
NE maintenance is determined by body weight (NE required for maintenance, Mcal = 0.078 × 
BW
0.75
; Just, 1982).This equation is used to derive NE for growth, which is then used to derive 
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NE efficiency for gain. Therefore, these values are all dependent upon the assumptions for the 
requirement of maintenance energy, which Just (1982) defined as the “amount of energy which 
can maintain the energy balance of the pig in a thermally neutral environment, i.e., the pig 
neither loses nor gains energy.” He went on to conclude that maintenance is influenced by other 
factors, such as gender, animal age or weight, genetics, diet, and external environment. 
Furthermore, Just (1982) remarked that other power functions may be more appropriate in 
different ages of pigs, a concept introduced by Breirem (1936) and reinforced by Noblet et al. 
(1991). Just (1982) based his maintenance equation on the 0.75 power, which was derived as the 
mean fasting heat production of a variety of mature animals (Kleiber, 1975). However, data 
suggests that the 0.63 (ARC; 1981) or 0.60 (Brown and Mount, 1982; Noblet et al., 1999) 
exponent is more appropriate for growing pigs. Although the Just (1982) equation is currently 
the most commonly used equation for NEmaintenance, we question if the use of the 0.75 exponent 
deems it inappropriate for estimating the maintenance requirements of young pigs. 
Unfortunately, a single exponent is unlikely to be representative of the true maintenance value 
across a variety of weights of pigs. For example, van Milgen and Noblet (2003) demonstrated 
that when 60 kg pigs have a constant MEmaintenance, utilizing the 0.60 exponent instead of the 0.75 
exponent results in an 18% over-prediction of maintenance energy at 20 kg and a 10% under-
prediction of maintenance energy at 120 kg. Thus, one must question if the assumptions of 
maintenance energy made in the Just (1982) equation remain true across all categories of WW in 
our experiment. The correct exponent for predicting the maintenance energy requirement is vital 
to proper interpretation of the data within this experiment because it not only estimates the 
maintenance requirements, but also inherently affects the estimates of energetic efficiency for 
protein and lipid deposition (Bernier et al., 1987; Noblet et al., 1999; van Milgen and Noblet, 
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2003). We based our NE equations on the Just (1982) paper, but stress the importance of 
considering the assumptions made by this equation and feel that additional research is needed to 
verify if the Just (1982) equation remains appropriate in young pigs of today’s modern genotype.  
The importance of an accurate value for maintenance energy is demonstrated by the 
Kielowski (1965) equation: Energyintake = Energymaintenance + Energyprotein accretion + Energylipid 
accretion. Energyprotein accretion and Energylipid accretion can be calculated by the tissue deposition rate 
divided by the efficiency (k) for tissue deposition. All values (MEmaintenance, MEprotein accretion, 
MElipid accretion) in the Kielanowski (1965) equation increased (P < 0.0001) with increasing WW 
category. However, the calculated ME intake:actual ME intake ratio differs (P = 0.04) among 
different WW categories, with LWW pigs having a lower ratio than HWW pigs (P < 0.05; 1.03 
vs. 1.10 for LWW vs. HWW, respectively). In this experiment, individual energy intakes are 
known and considered to be accurate. Additionally, protein and lipid deposition rates for 
individual pigs within this experiment are known and reported in Jones et al. (2012). This leaves 
three variables which were not determined directly: Energymaintenance, efficiency for protein 
deposition (kp), and efficiency for lipid deposition (kl). We calculated MEmainteinance using the 
standard equation established by NRC (1998): 0.106 Mcal ME × BW
0.75
. Both kp and kl have 
been established within the pig as 10.03 and 11.65 kcal ME per gram of protein or lipid gain, 
respectively (Patience, 2012). Unfortunately, we cannot assume that any of these three values or 
calculations remains constant across varying WW or ADG categories.   
While we must consider that any or all of MEmaintenance, kp, and kl could be responsible for 
the difference between the calculated ME intake:actual ME intake ratio in LWW vs. HWW pigs, 
we must hold two of the three constant in order to determine changes in the third. Previous data 
from our laboratory (Jones et al., 2012) demonstrates that, when equalized for body weight, 
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fallback pigs generally have heavier intestine and stomach weights compared to their 
contemporaries. However, we also reported that the chemical carcass composition of fallback 
pigs is not different from healthy contemporaries, even though tissue deposition rates differ. For 
these reasons, it is our hypothesis that the difference between calculated MEintake:actual ME 
intake ratio in LWW vs. HWW pigs can be attributed to variation in MEmaintenance, and not 
differences in kp or kl.  
Many definitions of maintenance energy exist beyond that previously proposed by Just 
(1982). Kotarbińska and Kielanowski (1969) suggested that maintenance energy is all energy not 
used for protein or lipid gain, while van Milgen and Noblet (2003) defined it as the sum of 
fasting heat production and energy required for activity. Fasting heat production assumes equal 
energy intake and thermoneutrality (Lebussière et al., 2011). However, Knap (2009) clarified 
that energy for maintenance may include metabolic activities such as protein turnover, immune 
function, and thermoregulation. In 2001, both Le Bellego et al. and van Milgen et al. suggested 
that the energy of activity component of the maintenance requirement ranges from 8 to 15% of 
the total. This wide range includes variation in thermal climate, which may be responsible for the 
observed differences in calculated ME intake:actual ME intake ratio between the LWW vs. 
HWW pigs. Particularly, we hypothesize that the variation between the calculated ME 
intake:actual ME intake ratio between the LWW and HWW pigs was due to differences in 
thermoneutrality. Confirming our hypothesis that the differences in the actual ME intake vs. 
calculated ME intake were due to variations in MEmaintenance and not kp or kl, the retained GE 
within the carcass varied by WW (P < 0.0001), but values were very similar whether determined 
by bomb calorimetry or calculated by retained protein and lipid energies.  
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Analyzing the energy equations by WW(ADG) resulted in similar patterns as when 
analyzed by WW. Both increasing WW and ADG resulted in increasing (P < 0.0001) energy 
intake, utilization, efficiency for gain, energy retained as tissue, and retained GE. As with Jones 
et al. (2012), there were apparent differences among pigs from the LWW1 and MWW1 
categories and pigs in all other categories. Therefore, pigs from these two treatments were 
classified as true ‘fallback pigs’, while the remaining seven treatments could be classified as 
‘normal contemporaries.’ Fallback pigs included those from the both LWW1 and MWW1 
categories because these pigs had similar ADG (378 vs. 378 g; P > 0.10), which in turn was 
significantly (P < 0.05) slower than the other seven treatments. Pigs from the HWW1 category 
were not chosen as fallback pigs because their mean ADG was significantly greater (543 vs. 378 
g; P < 0.05) compared to the other slowest ADG categories. Therefore, pigs from the LWW3, 
MWW2, MWW3, HWW1, HWW2, and HWW3 categories were characterized as ‘normal 
contemporaries.’ Compared to their normal contemporaries, fallback pigs had reduced (P < 0.05) 
energy intake, utilization, efficiency for gain, energy retained as tissue, and retained GE. Again, 
the calculated ME intake:actual ME intake ratio was different (P = 0.03), and the direction of the 
values reinforce our hypothesis that the differences in ratios are attributed to variation in 
thermoneutrality. The overestimation of ME intake was greatest in pigs from LWW1, MWW1, 
HWW2, and HWW3. We propose this because the fallback pigs (LWW1 and MWW1) may well 
have been cold-stressed, while pigs from HWW2 and HWW3 may have been slightly heat-
stressed compared to other pigs as explained below.  
Thermal climate within a barn is typically maintained for average weight pigs. 
Regrettably, this results in lighter weight pigs being housed in temperatures nearer to the lower 
limit of their thermal neutral zone and heavier weight pigs reared in an environment nearer to the 
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upper limit of their thermal neutral zone (Kyriazakis and Whittemore, 2006). In this experiment, 
barn temperatures were maintained according to Kyriazakis and Whittemore (2006); thus the 
effective temperature was maintained for the average pig body weight. At d0, MWW pigs 
weighed an average of 6.15 kg, and thus room temperature was maintained at 30.0°C. However, 
LWW and HWW pigs weighed 4.58 and 8.09 kg, respectively. In order for LWW and HWW 
pigs to be kept in thermoneutral conditions, room temperature needed to be maintained at 32.8°C 
and 28.9°C, respectively (Kyriazakis and Whittemore, 2006). Because it was maintained at 
30.0°C, pigs from the LWW category were below their lower critical temperature (30.8°C) and 
pigs from the HWW category were near their upper critical temperature (30.4°C) when housed 
individually (Close and Stanier, 1984). The thermal neutral zone expands as pig weight 
increases, and thus all pigs were within the confines of thermoneutrality at the end of the 
experiment. 
In normal mammals, energy intake increases with cold stress (Herpin et al., 1987). 
However, we have shown that fallback pigs have decreased energy intake compared to their 
heavier contemporaries. Thus, not only are fallback pigs possibly chilled to begin with, but they 
also likely have decreased thermal heat of digestion (van Milgen et al., 1997). Compounding this 
low energy intake, cold-stressed pigs have a greater MEmaintenance requirement to maintain body 
temperature compared to those kept within the limits of their thermal neutral zone (Verstegen et 
al., 1978; LeDividich et al., 1980; Ewan, 1982). Previous researchers have demonstrated that 
maintenance requirements of pigs increase as pigs approach the lower limit of their thermal 
neutral zone (Close and Stanier, 1984; Campbell and Taverner, 1988). Additionally, Campbell 
and Taverner (1988) have shown that, at similar energy intakes, cold-stressed pigs are slower 
growing and less efficient at converting nutrients to retained tissue than pigs reared within their 
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thermoneutral zone. By cold-stressing a fallback pig already receiving decreased energy intake, 
this slow growth and decreased efficiency is exacerbated, causing the pig to fall even further 
back from normal performance. 
The opposite is true for pigs in HWW2 and HWW3. These pigs were clearly not heat-
stressed in the clinical sense, as they still had high energy intakes. However, they may have been 
approaching the upper limit of their thermal neutral zone and partitioning more energy toward 
maintenance to prevent from reaching this upper limit. Maintenance requirement is often 
increased in heat-stressed mammals because of increased respiration rate and blood 
redistribution (Hales and Webster, 1967; Roswell, 1968; Fuquay, 1981). The ATP required for 
these metabolic processes results in less energy being available for tissue deposition, and at least 
partially explains the difference between the calculated ME intake:actual ME intake variation in 
the HWW2 and HWW3 categories. 
The results reported within this experiment are reflected in the direction and magnitude 
of correlations influenced by WW or ADG (Table 6). Where significant correlations existed 
between WW or ADG and d 32 ATTD or dietary energy content, the resulting coefficient was 
negligible. Stronger (P < 0.0001) correlations existed between WW or ADG and energy intake, 
utilization, efficiency for gain, and energy retained as tissue. While correlations between WW or 
ADG and NE efficiency for protein deposition were highly significant (P < 0.0001), they were 
small in magnitude. The correlation with NE efficiency for lipid deposition with WW was not 
significant (P = 0.73), and with ADG was significant (P = 0.003), but small in magnitude. 
Taken together with the results from Jones et al. (2012), it appears that the underlying 
cause for fallback from normal performance lies jointly with poor feed intake and reduced 
utilization of absorbed nutrients. At the moment, there is little explanation as to the metabolic or 
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physiological cause of either phenomenon. The observed differences in nutrient digestibility and 
energy metabolism outlined in this manuscript may be the phenotypic result of misregulation of 
differentially expressed genes in protein metabolism (Peterside et al., 2003; Selak et al., 2003, 
Wang et al., 2008), the effect of reduced intestinal integrity and absorptive capacity 
(Widdowson, 1971, Baserga et al., 2004, Wang et al., 2010; Zhong et al., 2010), the outcome of 
impaired endocrine function (Chen et al., 2011), or the consequence of postnatal stressors such 
as enteric disease (Moeser and Blikslager, 2007). We have found no other published research 
regarding fallback from normal performance in pigs or in other species, and thus rely on research 
on mammals with IUGR as our closest model to explain our observed results. However, more 
work remains to fully understand the impaired nutrient utilization associated with IUGR; while 
this work may be used to hypothesize the cause for differences in pigs with varying WW and 
ADG, the association has not been confirmed. Other research regarding the health status, 
immune function, metabolic function, and small intestine absorptive capacity is required in these 
pigs to potentially explain our findings in nutrient digestibility and energy utilization. 
This manuscript exhibits, for the first time, phenotypic differences in nutrient 
digestibility, energy utilization, and energy retention among pigs with varying weaning weights 
and post-weaning growth performance. It appears that fallback from normal performance is 
driven by a combination of poor feed intake and nutrient digestibility, both of which warrant 
additional mechanistic research.  We also propose that the energy required for maintenance is not 
equal among pigs with different weaning weights or post-weaning growth performance, and 
attribute these differences primarily to possible variations in thermoneutrality.  
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Table 1. Determined starter diet nutrient composition, as-is basis. 
Days fed
1
: -5 to - 2 - 2 to 5
2
 5 to 19 19 to 27
2
 
Avg. consumed per pig, kg 0.27 1.67 10.63 8.19 
Dry matter, % 91.6 90.7 91.0 90.7 
Gross energy, kcal/g 4,235 4,044 4,090 4,073 
Crude protein 23.0 22.6 21.7 20.4 
Crude fat 5.2 5.2 5.2 5.9 
ADF 5.1 5.1 5.3 5.9 
Ash 18.2 18.4 18.7 18.5 
Starch 30.3 43.9 40.1 40.8 
Titanium 0.00 0.403 0.00 0.395 
1
Weanling pigs were placed into individual metabolism crates and allowed a 5-d acclimation 
period (d -5 to d 0), followed by a 27 d experimental period (d 0 to 27). Pigs were allowed ad 
libitum access to feed and were transitioned to the next diet phase when the mean weight of the 
group reached that suggested by the manufacturer.
 
2
Diet was fed during urine and fecal collection period. 
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Table 2. Effects of WW category on the apparent total tract digestibility (ATTD) of nutrients and energy by weaned 
barrows, as-is basis. 
Treatment
1
: LWW MWW HWW 
Pooled 
SEM 
WW 
P = 
Number of pigs 32 31 32   
d 5 post-weaning 
   
  
   ATTD, % 
   
  
      Dry matter
2
 74.8 76.1 75.6 1.28 0.56 
      Gross energy
3
 73.5 74.7 73.7 1.45 0.67 
      Nitrogen
3
 65.2 67.4 66.0 2.14 0.58 
      Crude fat
3
 68.1 66.4 64.9 2.63 0.56 
      ADF
3
 75.4 76.6 77.0 1.29 0.44 
      Ash
3
 73.5 75.5 74.5 1.26 0.33 
   Energy content, Mcal/kg 
   
  
      DE
4
 3.28 3.33 3.29 0.065 0.67 
      ME
5
 3.04 3.09 3.05 0.062 0.71 
      NE
6
 2.37 2.24 2.20 0.108 0.50 
      
d 32 post-weaning 
   
  
   ATTD, % 
   
  
      Dry matter
2
 85.5 85.3 85.7 0.62 0.59 
      Gross energy
3
 86.6 86.3 86.7 0.59 0.61 
      Nitrogen
3
 83.6 83.1 84.2 0.90 0.35 
      Crude fat
3
 85.0 84.9 85.2 1.21 0.92 
      ADF
3
 87.6 87.4 88.0 0.57 0.43 
      Ash
3
 97.5 97.5 97.6 0.11 0.63 
   Energy content, Mcal/kg 
   
  
      DE
4
 3.52 3.52 3.53 0.024 0.59 
      ME
5
 3.34 3.33 3.35 0.026 0.39 
      NE
6
 2.47 2.46 2.48 0.017 0.58 
1
LWW = lightest 10% weaning weight; MWW = median 10% weaning weight; HWW = heaviest 10% weaning 
weight.
 
2
Calculated using the equation by Oresanya et al., 2007: DM Apparent Digestibility Coefficient (%) = 100% - [(Diet 
Index Marker Concentration /Feces Index Marker Concentration) × 100].
 
3
Calculated using the equation by Oresanya et al., 2007: Nutrient ATTD Coefficient (%) = 100% - {[(Diet Index 
Marker Concentration/Feces Index Marker Concentration) × (Feces Nutrient Concentration/Diet Nutrient 
Concentration)] × 100}.
 
4
 Determined digestible energy concentration.
 
5
Calculated using the equation by Noblet and Perez, 1993: ME (Mcal/kg) = DE × [1.003 – (0.0021 × %CP)]. 
6
Calculated using the equation by Noblet et al., 1994: NE (Mcal/kg) = 0.700 × DE + 1.61 × EE + 0.48 × ST - 0.91 × 
CP - 0.87 × ADF. 
 
 
 
  
1
2
3
 
Table 3. Effects of WW and ADG category on the apparent total tract digestibility (ATTD) of nutrients and energy by weaned barrows. 
Treatment1: LWW1 LWW2 LWW3 
 
MWW1 MWW2 MWW3 
 
HWW1 HWW2 HWW3 
 
Pooled 
SEM 
WW(ADG) 
P = 
Number of pigs 11 10 11 
 
11 10 10 
 
11 10 11 
 
 
 d 5 post-weaning 
            
 
    ATTD, % 
            
 
       Dry matter2 73.0 75.0 76.5 
 
74.8 75.9 77.6 
 
75.4 74.6 76.9 
 
1.75 0.44 
      Gross energy3 71.2 73.7 75.5 
 
72.9 74.6 76.5 
 
72.7 72.7 75.7 
 
2.02 0.31 
      Nitrogen3 63.2 64.6 67.9 
 
65.0 66.5 70.6 
 
65.7 63.8 68.6 
 
3.00 0.43 
      Crude fat3 65.5 67.6 71.0 
 
64.0 66.5 68.5 
 
62.3 62.0 70.4 
 
3.97 0.52 
      ADF3 73.8 75.7 76.8 
 
75.8 75.4 78.6 
 
77.2 75.7 78.2 
 
1.85 0.52 
      Ash3 71.0 73.8 75.7 
 
74.1 75.3 77.0 
 
74.6 73.1 76.0 
 
1.84 0.30 
   Energy, Mcal/kg 
            
 
       DE4 3.18 3.29 3.37 
 
3.25 3.33 3.41 
 
3.24 3.24 3.38 
 
0.090 0.31 
      ME5 2.94 3.05 3.13 
 
2.99 3.09 3.19 
 
3.01 3.00 3.15 
 
0.086 0.20 
      NE6 2.39 2.37 2.34 
 
2.55 2.21 1.96 
 
2.10 2.25 2.25 
 
0.019 0.50 
            
d 32 post-weaning 
            
 
    ATTD, % 
            
 
       Dry matter2 84.1d 86.4a 85.9abc 
 
85.1bcd 86.2ab 84.6cd 
 
85.8abc 85.9abc 85.4abc 
 
0.72 0.003 
      Gross energy3 85.2c 87.5a 86.9ab 
 
85.8bc 87.4a 85.8bc 
 
86.9ab 86.8ab 86.4abc 
 
0.70 0.004 
      Nitrogen3 81.3c 84.9a 84.6a 
 
81.9bc 85.3a 82.0bc 
 
84.1ab 84.5ab 84.0ab 
 
1.16 0.01 
      Crude fat3 84.0 85.5 85.4 
 
83.5 85.2 85.9 
 
85.4 84.6 85.6 
 
1.45 0.55 
      ADF3 86.3 88.7 87.8 
 
87.3 87.7 87.2 
 
87.9 88.0 88.1 
 
0.73 0.17 
      Ash3 97.2c 97.7a 97.6ab 
 
97.4ab 97.7a 97.4bc 
 
97.5ab 97.6ab 97.5ab 
 
0.13 0.001 
   Energy, Mcal/kg 
            
 
       DE4 3.47c 3.57a 3.54ab 
 
3.50bc 3.56a 3.50bc 
 
3.54ab 3.54ab 3.52abc 
 
0.029 0.005 
      ME5 3.28d 3.38a 3.36ab 
 
3.29cd 3.38a 3.31bcd 
 
3.36ab 3.36ab 3.34abc 
 
0.031 0.002 
      NE6 2.43c 2.50a 2.48ab 
 
2.45bc 2.49a 2.45bc 
 
2.48ab 2.48ab 2.47abc 
 
0.020 0.003 
1LWW1 = lightest 10% WW, slowest 33% ADG; LWW2 = lightest 10% WW, median 33% ADG; LWW3 = lightest 10% WW, fastest 33% ADG; MWW1 = median 10% WW, 
slowest 33% ADG; MWW2 = median10% WW, median 33% ADG; MWW3 = median 10% WW, fastest 33% ADG;  HWW1 = heaviest 10% WW, slowest 33% ADG; HWW2 = 
heaviest 10% WW, median 33% ADG; HWW3 = heaviest 10% WW, fastest 33% ADG.  
2Calculated using the equation by Oresanya et al., 2007: DM Apparent Digestibility Coefficient (%) = 100% - [(Diet Index Marker Concentration /Feces Index Marker 
Concentration) × 100]. 
3Calculated using the equation by Oresanya et al., 2007: Nutrient ATTD Coefficient (%) = 100% - {[(Diet Index Marker Concentration/Feces Index Marker Concentration) × 
(Feces Nutrient Concentration/Diet Nutrient Concentration)] × 100}. 
4Determined digestible energy concentration. 
5Calculated using the equation by Noblet and Perez, 1993: ME (Mcal/kg) = DE × [1.003 – (0.0021 × %CP)]. 
6Calculated using the equation by Noblet et al., 1994: NE (Mcal/kg) = 0.700 × DE + 1.61 × EE + 0.48 × ST - 0.91 × CP - 0.87 × ADF. 
abcdMeans within a row that do not share a common superscript differ P < 0.05. 
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Table 4. Effects of WW category on the energetic efficiencies by weaned barrows. 
Treatment
1
: LWW MWW HWW 
Pooled 
SEM 
WW 
P = 
Number of pigs 32 31 32   
Energy intake, Mcal/d
2
 
   
  
   DE 2.00
c
 2.34
b
 2.69
a
 0.098 < 0.0001 
   ME 1.89
c
 2.22
b
 2.55
a
 0.095 < 0.0001 
   NE 1.40
c
 1.64
b
 1.89
a
 0.068 < 0.0001 
      
NE for maintenance, Mcal
3
 0.67
c
 0.76
b
 0.88
a
 0.012 < 0.0001 
NE for growth, Mcal
4
 0.96
c
 1.30
b
 1.68
a
 0.057 < 0.0001 
NE efficiency for gain, Mcal/kg
5
 1.94
c
 2.30
b
 2.61
a
 0.093 < 0.0001 
Energy retained in tissue, kg
6
 
   
  
   Protein 0.35
c
 0.42
b
 0.50
a
 0.016 < 0.0001 
   Lipid 0.35
c
 0.47
b
 0.59
a
 0.024 < 0.0001 
      
ME for maintenance, Mcal/d
7
 0.91
c
 1.03
b
 1.19
a
 0.021 < 0.0001 
ME for protein deposition, Mcal/d
8
 0.61
c
 0.75
b
 0.89
a
 0.029 < 0.0001 
ME for lipid deposition, Mcal/d
9
 0.44
c
 0.58
b
 0.73
a
 0.029 < 0.0001 
Calculated ME intake, Mcal/d
10
 1.95
c
 2.37
b
 2.81
a
 0.059 < 0.0001 
Calculated ME intake:Actual ME intake ratio 1.03
b
 1.07
ab
 1.10
a
 0.032 0.04 
      
Retained GE, Mcal/kg empty body weight 
   
  
   Determined by bomb calorimetry 0.71
c
 0.91
b
 1.12
a
 0.031 < 0.0001 
   Calculated by retained protein and lipid energies 0.70
c
 0.90
b
 1.10
a
 0.037 < 0.0001 
1
LWW = lightest 10% weaning weight; MWW = median 10% weaning weight; HWW = heaviest 10% weaning weight.
 
2
Determined using the equation: Energy intake (Mcal/d) = Dietary energy × ADFI. 
3
Calculated using the equation by Just, 1982: NE required for maintenance (Mcal) = 0.078 Mcal × BW
0.75
.
 
4
Calculated using the equation: Energy for growth (Mcal) = Energy intake – energy required for maintenance. 
5
Calculated using the equation: Energy efficiency for gain (Mcal/kg) = Energy for growth ÷ ADG.
 
6
Calculated using the equation by Ewan, 2001: Energy retained as protein (kg) = Protein deposition × 5.66; or Energy retained as lipid (kg) = Lipid deposition × 
9.46.
 
7
Calculated using the equation by NRC, 1998: ME required for maintenance (Mcal/d) = 0.106 Mcal/d × BW
0.75 
8
Calculated using the equation by Kielanowski, 1965: ME required for protein deposition (Mcal/d) = protein deposition rate (g/d) ÷ efficiency for protein 
deposition (kcal ME/g). Protein deposition rates were reported in Jones et al., 2012. Efficiency for protein deposition (kp) is 10.03 (Patience, 2012).
 
9
 Calculated using the equation by Kielanowski, 1965: ME required for lipid deposition (Mcal/d) = lipid deposition rate (g/d) ÷ efficiency for lipid deposition 
(kcal ME/g). Lipid deposition rates were reported in Jones et al., 2012. Efficiency for lipid deposition (k l) is 11.65 (Patience, 2012).
 
10
Calculated using the equation by Kielanowski, 1965: Energyintake = Energymaintenance + Energyprotein deposition + Energylipid deposition. 
 
abc
Means within a row that do not share a common superscript differ P < 0.05.
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Table 5. Effects of WW and ADG category on the energetic efficiencies by weaned barrows. 
Treatment1: LWW1 LWW2 LWW3  MWW1 MWW2 MWW3  HWW1 HWW2 HWW3  
Pooled 
SEM 
WW(ADG) 
P = 
Number of pigs 11 10 11  11 10 10  11 10 11    
Energy intake, Mcal/d2 
   
 
   
 
   
   
   DE 1.46f 2.15e 2.38cde  1.59f 2.49cd 2.95ab  2.32de 2.68bc 3.06a  0.135 < 0.0001 
   ME 1.38f 2.04e 2.26cde  1.50f 2.36cd 2.79ab  2.20de 2.55bc 2.91a  0.130 < 0.0001 
   NE 1.02f 1.50e 1.67cde  1.12f 1.74cd 2.07ab  1.63de 1.88bc 2.14a  0.094 < 0.0001 
               
NE for maintenance, Mcal3 0.57e 0.69d 0.75cd  0.61e 0.79c 0.87b  0.80c 0.87b 0.96a  0.020 < 0.0001 
NE for growth, Mcal4 0.60d 1.04c 1.25bc  0.73d 1.34bc 1.79a  1.32c 1.65ab 2.06a  0.085 < 0.0001 
NE efficiency for gain, Mcal/kg5 1.56g 2.06ef 2.20de  1.83f 2.38cd 2.69ab  2.38cd 2.58bc 2.86a  0.114 < 0.0001 
Energy retained tissue, kg6 
   
 
   
 
   
   
   Protein 0.25e 0.39d 0.40d  0.29e 0.45cd 0.53b  0.39d 0.51bc 0.62a  0.027 < 0.0001 
   Lipid 0.23e 0.39cd 0.43c  0.28de 0.51bc 0.63b  0.41c 0.62b 0.74a  0.041 < 0.0001 
               
ME for maintenance, Mcal/d7 0.78f 0.94e 1.02d  0.83f 1.07c 1.18b  1.08c 1.19b 1.30a  0.022 < 0.0001 
ME for protein deposition, Mcal/d8 0.45e 0.69d 0.70d  0.51e 0.80cd 0.95b  0.68d 0.90bc 1.10a  0.049 < 0.0001 
ME for lipid deposition, Mcal/d9 0.29f 0.48de 0.53d  0.34ef 0.62cd 0.77ab  0.51d 0.76bc 0.92a  0.051 < 0.0001 
Calculated ME intake, Mcal/d610 1.52g 2.10e 2.25d  1.69f 2.49c 2.89b  2.27d 2.85b 3.32a  0.203 < 0.0001 
Calculated ME intake:Actual ME intake 1.10ab 1.03bc 1.00c  1.13a 1.06b 1.04bc  1.03bc 1.12ab 1.14a  0.023 0.03 
               
Retained GE, Mcal/kg EBW 
   
 
   
 
   
   
   Determined by bomb calorimetry 0.53f 0.74de 0.87cd  0.68e 0.93c 1.13b  0.88cd 1.16b 1.34a  0.048 < 0.0001 
   Calculated by energy retained as tissue 0.49e 0.78d 0.83d  0.57e 0.96cd 1.16b  0.80d 1.13bc 1.36a  0.065 < 0.0001 
1LWW1 = lightest 10% WW, slowest 33% ADG; LWW2 = lightest 10% WW, median 33% ADG; LWW3 = lightest 10% WW, fastest 33% ADG; MWW1 = median 10% WW, 
slowest 33% ADG; MWW2 = median10% WW, median 33% ADG; MWW3 = median 10% WW, fastest 33% ADG; HWW1 = heaviest 10% WW, slowest 33% ADG; HWW2 = 
heaviest 10% WW, median 33% ADG; HWW3 = heaviest 10% WW, fastest 33% ADG.  
2Determined using the equation: Energy intake (Mcal/d) = Dietary energy × ADFI. 
3Calculated using the equation by Just, 1982: NE required for maintenance (Mcal) = 0.078 Mcal × BW0.75. 
4Calculated using the equation: Energy for growth (Mcal) = Energy intake – energy required for maintenance. 
5Calculated using the equation: Energy efficiency for gain (Mcal/kg) = Energy for growth ÷ ADG. 
6Calculated using the equation by Ewan, 2001: Energy retained as protein (kg) = Protein deposition × 5.66; or Energy retained as lipid (kg) = Lipid deposition × 9.46. 
7Calculated using the equation by NRC, 1998: ME required for maintenance (Mcal/d) = 0.106 Mcal/d × BW0.75 
8Calculated using the equation by Kielanowski, 1965: ME required for protein deposition (Mcal/d) = protein deposition rate (g/d) ÷ efficiency for protein deposition (kcal ME/g). 
Protein deposition rates were reported in Jones et al., 2012. Efficiency for protein deposition (kp) is 10.03 (Patience, 2012).
 
9 Calculated using the equation by Kielanowski, 1965: ME required for lipid deposition (Mcal/d) = lipid deposition rate (g/d) ÷ efficiency for lipid deposition (kcal ME/g). Lipid 
deposition rates were reported in Jones et al., 2012. Efficiency for lipid deposition (kl) is 11.65 (Patience, 2012).
 
10Calculated using the equation by Kielanowski, 1965: Energyintake = Energymaintenance + Energyprotein deposition + Energylipid deposition. 
 
abcdefgMeans within a row that do not share a common superscript differ P < 0.05. 
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Table 6. Correlations among ADG or WW and nutrient digestibility or energy utilization. 
 Correlations with WW  Correlations with ADG 
Variable Coefficient P =  Coefficient P = 
d 32 post-weaning      
   ATTD, %      
      Dry matter 0.062 0.002  -0.050 0.01 
      Gross energy 0.043 0.04  -0.019 0.36 
      Nitrogen 0.080 0.0001  0.087 < 0.001 
      Crude fat 0.031 0.13  0.020 0.32 
      ADF 0.089 < 0.0001  0.039 0.06 
      Ash 0.089 < 0.0001  0.037 0.07 
   Energy, Mcal/kg      
      DE 0.043 0.04  -0.019 0.36 
      ME 0.076 0.0002  0.040 0.054 
      NE -0.118 < 0.0001  -0.108 < 0.0001 
Energy intake, Mcal/d      
   DE 0.453 < 0.0001  0.641 < 0.0001 
   ME 0.454 < 0.0001  0.640 < 0.0001 
   NE 0.455 < 0.0001  0.640 < 0.0001 
NE for maintenance, Mcal 0.625 < 0.0001  0.603 < 0.0001 
NE for growth, Mcal 0.572 < 0.0001  0.647 < 0.0001 
NE efficiency for gain, Mcal/kg 0.578 < 0.0001  0.535 < 0.0001 
Energy retained tissue, kg      
   Protein 0.469 < 0.0001  0.614 < 0.0001 
   Lipid 0.478 < 0.0001  0.590 < 0.0001 
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Figure 1.   Experimental design: from 960 total pigs, 40 barrows were selected from the 10% 
lightest (LWW), median (MWW), and heaviest (HWW) weaning weight categories for the 
experiment (120 total pigs). Eight pigs per WW category were harvested on d 5 post-weaning 
as an initial slaughter group, which was utilized in the calculation of protein and lipid 
deposition rates previously reported (Jones et al., 2012). The remaining 32 pigs per WW 
category (11 slowest ADG, 10 median ADG, 11 fastest ADG per WW category) were 
harvested after a 27-d growth and metabolism experiment. After the completion of the 
experiment, WW categories were further stratified into the slowest, median, and fastest 33% 
ADG categories (slowest = 1, median = 2, fastest = 3) within each WW category, This 
yielded a nested trial design, where 3 ADG categories (1, 2, 3) were nested within 3 WW 
categories (LWW, MWW, HWW), for a total of 9 treatments. 
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CHAPTER 4. COMPROMISED GROWTH IN YOUNG PIGS IS NOT ASSOCIATED 
WITH DEFECTS IN ILEAL MORPHOLOGY OR ABSORPTIVE CAPACITY 
 
A paper submitted to The Journal of Nutrition 
 
Cassandra Jones, Nicholas Gabler, and John Patience 
 
Abstract 
Fallback pigs are those that fail to achieve growth equal to that of contemporaries. Our 
objective was to identify if fallback pigs differ from normal in blood metabolite, intestinal 
architecture, or intestinal absorptive capacity. Using pigs as our model, 96 males were selected to 
represent the 10% lightest, median, and heaviest weaning weights (WW). Growth rate was 
evaluated for 27 d. Average daily gain (ADG; 33% slowest, median, or fastest) was nested 
within WW category, resulting in 9 treatments. Pigs from the slowest ADG and lightest or 
median WW categories were termed fallback pigs as they had similar ADG (378 vs. 378 g; P > 
0.98); which was slower (P < 0.05) than the other seven treatments. After the growth experiment, 
all pigs were feed deprived, had blood collected, and were killed via exsanguination. Blood 
metabolites were determined by complete blood panels. Ileum segments were sampled for 
morphology and absorptive capacity analyses by Ussing chambers. Data were analyzed using the 
GLIMMIX procedure of SAS. Fallback Pigs had lower creatinine and albumin concentrations (P 
< 0.05) compared to normal, suggesting possible renal malfunction. Differences in morphology 
were significant (P < 0.0001), but not consistent. Pigs from the lightest WW and slowest ADG 
tended to have greater proline active ion transport (P = 0.07; 0.030 μA/cm2), but no other 
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nutrient transport measure was affected (P > 0.10). While metabolic dysregulation may 
exacerbate the effects, we propose that fallback from normal growth is not associated with 
defects in ileal morphology or absorptive capacity. 
Introduction 
The thrifty phenotype hypothesis suggests that nutritional and environmental stressors 
early in life effectively program subsequent risks and growth by altering cell proliferation and 
differentiation within key tissues (1). This hypothesis has been substantiated by epidemiological 
experiments, and it is clear that early nutrition and growth can affect later pathology and 
metabolic dysregulation (2). These findings demonstrate the detrimental effects of depressed 
early growth, such as that exhibited by fallback pigs.  
Fallback pigs are those that fail to achieve growth equal to that of their contemporaries. 
Pigs with intrauterine growth retardation (IUGR) are included in this characterization because 
their light birth weight has been demonstrated to result in diminished capacity for subsequent 
growth compared to an individual with a normal birth weight (3). However, fallback pigs are 
also those that have similar initial weights, but still have depressed subsequent growth due to 
stressors such as poor environment, nutrition, or energy intake. Furthermore, fallback pigs are 
also those that have depressed growth without explanation, as is the case in porcine periweaning 
failure to thrive syndrome (PFTS). Described as anorexia and lethargy in pigs within 3 weeks of 
weaning, PFTS is associated with pigs that have normal weights at the time of weaning and no 
sign of infectious or nutritional factors that would predispose them to poor growth (4, 5). The 
broad definition of fallback pigs reveals that a vast majority of physiological indicators may 
affect subsequent growth.  
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We have previously reported that fallback pigs have reduced feed intake, but no 
differences in feed efficiency compared to their normal cohorts (6). Additionally, fallback pigs 
have decreased apparent total tract dry matter, gross energy, and nitrogen digestibilities, as well 
as heavier relative intestine and stomach weights at 50 d of age compared to normal pigs (6, 7). 
These results indicate that the absorptive or post-absorptive utilization of nutrients and energy 
may differ between fallback pigs and their normal contemporaries. Therefore, our objective was 
to identify if these pigs exhibiting poor growth after weaning differ from their normal 
contemporaries in intestinal architecture, intestinal integrity and absorptive capacity, blood 
metabolite, and serum thyroid hormone concentrations.  
Methods 
Pigs, housing, and diets. All experimental procedures adhered to the ethical and humane use of 
pigs for research and were approved by the Iowa State University Institutional Animal Care and 
Use Committee (#9-09-6807-S). Animal experiments were conducted at the Iowa State 
University Swine Nutrition Farm in Ames, IA and have previously been described (6). Briefly, 
through four replicates, 96 pigs (Pig Improvement Company [(C22×C29) × 337]) were utilized 
in this experiment. At 18 to 22 days of age, 960 pigs (5.77 ± 3.92 kg) were weaned and delivered 
to the research facility where they were individually identified and weighed. From this 
population, 32 males were selected for the experiment from each of the 10% lightest (LWW), 
median (MWW), and heaviest (HWW) weaning weights, resulting in 96 total pigs placed on test.  
Pigs were blocked by WW category and randomly allotted to individual 0.53 × 0.71 m 
stainless steel metabolism cages for a 5-d acclimation period followed by a 27-d growth 
experiment. Pigs were allowed ad libitum access to feed and water during acclimation and the 
growth experiment. Pigs were fed common diets that were sufficient in all dietary nutrients (6). 
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Pigs were weighed weekly for the calculations of periweaning average daily gain (ADG) and 
average daily feed intake (ADFI). After the completion of the experiment, WW categories were 
further stratified into the slowest, median, and fastest 33% ADG categories (slowest = 1, median 
= 2, fastest = 3) within each WW category (Figure 1). This yielded a nested trial design, where 3 
ADG categories (1, 2, and 3) were nested within 3 WW categories (LWW, MWW, and HWW) 
for a total of 9 treatments.  
Identification of fallback pigs. Fallback from normal growth was characterized by both WW and 
ADG. Pigs from the LWW1 and MWW1 categories were chosen as fallback pigs because they 
had similar ADG (378 and 378 g/d; P > 0.98); which was significantly (P < 0.05) slower than the 
other seven treatments. Pigs from the HWW1 category were not chosen as fallback pigs because 
their mean ADG was significantly greater (543 vs. 378 g/d; P < 0.05) compared to the other 
slowest ADG categories, and was not different (P > 0.05) from other ADG categories. Therefore, 
pigs from the LWW3, MWW2, MWW3, HWW1, HWW2, and HWW3 categories were 
characterized as normal contemporaries.  
Ileum architecture and nutrient transport analyses. After the completion of the 27-d growth 
experiment, pigs were feed deprived overnight and blood was collected by jugular venipuncture. 
After blood collection, pigs were humanely euthanized via captive bolt and immediate 
exsanguination. A 15-cm length of ileum was collected exactly 1 m proximal to the ileal-cecal 
junction immediately after euthanasia. A 2.54-cm segment of the caudal section of this length 
was placed in formalin fixative for histology analysis, while the remaining section was placed in 
oxygenated Krebs-Henseleit buffer for nutrient transport analyses in Ussing Chambers.  
Ileal morphology measurements were obtained by mounting cross sections of formalin-
fixed samples on two slides and staining with hematoxylin and eosin. Images on each slide were 
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taken using a Leica DMI3000B microscope (Leica Microsystems, Bonnockburn, IL) and 30 villi 
heights and 30 crypt depths per pig were analyzed with imaging software (QCapture Pro, 
QImaging Corporation, Surrey, BC, Canada). A standardized micrometer slide was utilized on 
each image to confirm the accuracy of the imaging software. Means of the parameters were 
determined for each pig and treatment. 
Ileal tissues were evaluated for nutrient transport properties using Ussing chambers 
according to procedures previously described (8, 9). Briefly, fresh ileal samples were removed 
and immediately placed in chilled Krebs-Henseleit buffer (pH 7.4), which consisted of the 
following: 25 mM NaHCO3, 120 mM NaCl, 1 mM MgSO4, 6.3 mM KCl, 2 mM CaCl, 0.32 mM 
NaH2PO4.   The tissue was aerated continuously until clamped in the Ussing chambers in the 
laboratory. The tunica muscularis was removed from ileum segments and segments mounted in 
modified Ussing Chambers (DVC 1000 World Precision Instruments Inc./Physiological 
Instruments Inc.). Each segment was bathed on its mucosal and serosal surfaces (opening area 
1.0 cm
2
) with 8 mL Krebs solution and gassed with 95% O2-5% CO2 mixture. The voltage was 
clamped at 0 mV by an external current after correction for solution resistance. After a 30 min 
period to allow the tissues to stabilize, they were challenged with 10 mM D-Glucose added to 
serosal buffer, and an equimolar concentration of mannitol added to the mucosal buffer. Similar 
procedures were used to measure the nutrient transport capabilities of glutamine (Gln), lysine 
(Lys), methionine (Met), proline (Pro), threonine (Thr), and glycylsarcosine, a synthetic 
dipeptide. Additionally, transepithelial electrical resistance (TER) was also measured to 
determine the integrity of tight junctions. Changes in current, voltage, and resistance were 
recorded (Acquire and Analyze, Physiologic Instruments, Inc., San Diego, CA). Values used to 
calculate main effects represent active ion transport compared to resting (basal) levels and are 
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expressed relative to the average pig category (WW category = MWW; ADG nested within WW 
category = MWW2). 
Blood metabolite, IGF-1, and thyroid hormone analyses. Approximately 16 mL of blood was 
collected after an overnight fast via jugular venipuncture and immediately prior to euthanization 
and refrigerated for 4 to 6 hours. Approximately 8 mL of blood was transported to the Iowa State 
University Veterinary Diagnostic Laboratory where complete blood panel metabolites and white 
blood cell counts with differentials were determined in whole, fresh blood. Serum was separated 
from the remaining 8 mL and stored at -80˚C for later analyses for triiodothyronine (T3) and 
thyroxine (T4) concentrations using porcine serum ELISA kits (Endocrine Technologies, Inc.), 
as was insulin-like growth factors-1 (IGF-1; TSZ Scientific, LLC).  
Statistical analyses. Blood metabolite, IGF-1, and thyroid hormone data were not normally 
distributed, and thus were log transformed. All other response criteria met the requirements of 
ANOVA and did not need transformation. Data were analyzed using the GLIMMIX procedure of 
SAS (release 8.02, SAS Institute Inc.), where individual pig served as the experimental unit. The 
model consisted of the fixed effects of WW (lightest, median, or heaviest) category and ADG 
(slowest, median, or fastest) category nested within WW category, and the random effects of 
replicate and pen. Least squares means were calculated, and treatments were compared using the 
SLICE and SLICEDIFF procedures. Tukey-Kramer corrections were used to adjust for multiple 
comparisons among treatments and to minimize possible ß-errors. Results were considered 
significant if P was < 0.05 and trends if P < 0. 10. Data are presented as least squares means and 
pooled SEM. 
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Results 
Pigs with varying WW. There were no differences in villous height (P = 0.15) or crypt depth (P 
= 0.93; Figure 2). Although there were no significant differences (P > 0.07), WW category 
tended to affect Thr transport (P = 0.08) compared to the resting tissue level, with MWW 
numerically greater than LWW or HWW (Table 1). 
Hemoglobin, hematocrit, lymphocyte, sodium, bicarbonate, albumin, gamma-glutamyl 
transpeptidase, anion gap, IGF-1, T3, and T4 concentrations were not different among pigs with 
different WW (P > 0.10; Table 2). However, lymphocyte concentrations were substantially 
greater than expected (11.5, 11.2, and 13.3 × 10
-3
/L for LWW, MWW, and HWW, respectively 
vs. the typical values, which range from  0.6 to 3.40 × 10
-3
/L; 10). Both creatinine (P = 0.03) and 
alkaline phosphatase (P = 0.04) concentrations were affected by WW category. Pigs from LWW 
had lower blood creatinine, but greater alkaline phosphatase concentrations than HWW pigs, and 
MWW pigs were intermediate in both instances (P < 0.05). 
Pigs with varying ADG nested within different WW. When ADG category was nested within 
WW category, there were differences (P < 0.0001) in villous height and crypt depth across 
treatments; however, the observed differences did not appear to be consistent across specific 
WW or ADG categories (Table 3). There were no significant differences in ileal absorptive 
capacity when ADG was nested within WW category (P > 0.06), although there was a tendency 
for active ion transport of Pro (P = 0.07), as pigs from the LWW1 group had numerically greater 
active ion transport than pigs from all other categories (Table 4). There was also a tendency (P = 
0.10) for a difference in transepithelial resistance, as pigs from the MWW categories had 
numerically lower resistance than LWW or HWW pigs. 
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Hematocrit, lymphocyte, sodium, alkaline phosphatase, gamma-glutamyl transpeptidase, 
anion gap, IGF-1, T3, and T4 concentrations were not different (P > 0.10; Table 5). However, 
pigs from different WW and ADG categories had different hemoglobin (P = 0.02), bicarbonate 
(P = 0.03), creatinine (P = 0.02), and albumin (P = 0.01) concentrations. Hemoglobin 
concentrations were greater (P < 0.05) in pigs from faster ADG categories (LWW2, LWW3, 
MWW3, HWW2, HWW3) compared to those from HWW1. Pigs from MWW2 and HWW3 had 
greater (P < 0.05) creatinine concentrations than fallback pigs (LWW1 and MWW1), while all 
pigs except MWW1 had greater (P < 0.05) creatinine concentrations than those from LWW1. 
Similarly, pigs from LWW2, LWW3, MWW3, HWW2, and HWW3 had greater (P < 0.05) 
albumin concentrations than fallback pigs (LWW1 and MWW1). 
Discussion 
To our knowledge, these data are the first to characterize nutritional and physiological 
differences related to impaired growth in the period immediately following weaning in pigs. 
Much of the focus in previous research in pigs and other species have been on prenatal 
influences, such as IUGR (11-16).  However, no studies have examined the possible link 
between fallback pigs and metabolic regulation or intestinal function and integrity. There are a 
multitude of other possible explanations for the fallback phenomena, including differences in 
birth weight, parity, litter size, or disease prevalence. Unfortunately, we were unable to study 
these factors within the confines of this experiment. However, unpublished data from our 
laboratory has found no correlations between these and fallback from performance. More likely, 
fallback pigs are the consequence of poor feed intake. In our experiment, fallback pigs had 
significantly (P < 0.05) decreased intake compared to normal contemporaries (421 and 455 g/d 
vs. 601, 673, 699, 845, 655, 758, and 872 g/d for LWW1 and MWW1 vs. LWW2, LWW3, 
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MWW2, MWW3, HWW1, HWW2, and HWW3, respectively; 6). The mechanisms causing poor 
feed intake are complex and beyond the scope of this experiment. However, intake was markedly 
decreased in both fallback and extreme fallback pigs compared to their normal cohorts. Whatever 
the cause, the underlying origins of fallback are likely associated with those of PFTS, with the 
primary difference being that fallback pigs differ in weaning weight while pigs with PFTS do 
not. 
We hypothesized that fallback pigs differed from their healthy cohorts in intestinal 
architecture, intestinal absorptive capacity, blood metabolite, and serum thyroid hormone 
concentrations. While metabolic dysregulation may be the instigator in extreme fallback pigs, 
this does not seem to be the case with general fallback pigs. Perhaps the slow growth associated 
with fallback pigs is attributed to increased maintenance cost related to heavier relative organ 
weights, such as the stomach and intestines (17). The resulting heavier organs relative to body 
size increase the maintenance cost to the animal (18), which instigates the individual to fall back 
further in growth compared to its contemporaries. The heavier relative organ weights and 
perceived increase in maintenance cost may be due to prenatal programming such as IUGR. 
Individuals with IUGR have been shown to have more underdeveloped gastrointestinal tracts 
compared to their normal cohorts (19). Indeed, gestational under nutrition has been shown to 
influence postnatal growth in many species, including swine (16). While IUGR is traditionally 
associated with low birth weight, it is unknown if normal birth weight pigs within the same litter 
also suffer the epigenetic consequences of maternal under nutrition that lead to fallback later in 
life. Indeed, influencers of embryo and fetus development warrant further exploration as they 
have been shown to influence within-litter variation of piglet birth weight (20).  
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The lack of intestinal morphology and absorptive capacity differences among varying 
WW categories was somewhat surprising. As previously reported, weight differences were 
significant (P < 0.0001; 4.58 vs. 6.15 vs. 8.09 kg for the LWW, MWW, and HWW categories, 
respectively (6). Although the differences in WW were substantial, surprisingly, these do not 
appear to affect ileal architecture or absorptive capacity. Feed substrate change, decreased intake, 
and environment modification associated with weaning have been shown to induce villus atrophy 
and crypt hyperplasia (21). These changes may induce brush border enzyme activity, decreasing 
the absorptive capacity of the intestine (22). Additionally, mucosa layer damage may increase 
permeability of the epithelial layer to dietary antigens (23) by reducing gut barrier function and 
integrity, particularly by decreasing tight junction functionality (24). While these changes at 
weaning are known to occur, our measurements 32 or 33 days post-weaning, suggest that there 
are no differences in intestinal architecture, active nutrient transport, or transepithelial resistance 
according to WW categories.  Thus, differences in growth post weaning do not appear to be 
mediated by differences in intestinal morphology, integrity or absorptive capacity as assessed by 
the methods outlined above.  
Our blood work suggests that neither the oxygen-carrying capacity nor percentage red 
blood cells differ among pigs with such extreme weaning weight differences as evidenced by 
similar hemoglobin and hematocrit concentrations. While there were no differences in blood 
lymphocyte values, the concentrations were elevated compared to expected levels for pigs (11.5 
to 13.3 × 10
-3
/L vs. the expected 0.6 to 7.7 × 10
-3
/L; 10). Considering this experiment was 
conducted in healthy pigs within the confines of a university environment with little disease 
stress to stimulate antigen receptors, these elevated lymphocyte concentrations were surprising. 
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However, pigs were vaccinated for porcine circovirus type 2 (PCV2) at weaning; this vaccination 
may explain why we observed high lymphocyte concentrations but no treatment effects.  
 Acid-base balance and oncotic pressure are tightly regulated when diet is similar (25). 
Therefore, it was not surprising to find similarities in sodium, bicarbonate, anion gap or albumin 
among WW categories. However, LWW pigs had slightly decreased creatinine concentrations 
compared to HWW pigs. Creatinine is a product of irreversible and nonenzymatic conversion 
from creatine or creatine phosphatase (26). Low creatinine concentrations are often attributed to 
poor renal function or muscle turnover. Because other blood metabolite concentrations were 
similar among treatments, renal function is not likely compromised in LWW pigs. However, 
these differences in creatinine levels do not appear to be due to muscle turnover either. 
Previously, we have shown that WW does not affect percentage carcass protein when equalized 
on a metabolic weight basis (6). Additionally, creatine concentrations are typically stable 
because endogenous synthesis from Gly, Arg, ornithine, and S-Adenosylmethionine is increased 
when dietary intake is low (26). We have demonstrated that there is a difference between the 
calculated and actual metabolizable intake of these pigs, which we have attributed to an 
increased maintenance cost in LWW animals (7). It is possible that creatinine concentrations are 
greater in LWW pigs because they are employing the creatine phosphate shuttle for energy 
instead of oxidative metabolism. 
 Differences in blood alkaline phosphatase activities were observed among treatments. 
Not only were activities greater in LWW than HWW pigs, but they were substantially greater 
than expected for pigs of this age (343 to 394 U/L vs. expected 41 to 176 U/L; 10). In dogs, 
elevated serum alkaline phosphatase concentrations have been linked to hypothyroidism (27), but 
this was not supported by T3 or T4 concentrations in this experiment. However, high alkaline 
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phosphatase activities have also been linked to increased circulating endotoxin concentrations 
(28). Lipopolysaccharide toxicity is decreased by alkaline phosphatase due to the 
dephosphorylation of the diphosphoryl-lipid A moiety (29). Perhaps our alkaline phosphatase 
activities were greater than reference values because there was more circulating endotoxin, a 
likely side effect of the PCV2 vaccination. 
It is important to note the lack of differences in gamma-glutamyl transpeptidase, IGF-1, 
T3, and T4 among pigs from different weaning weight categories. Because gamma-glutamyl 
transpeptidase is a catalase for the glutathione moiety gamma-glutamyl to form glutamate (30), 
WW may not affect glutathione metabolism (31). Weaning weight also appears to not affect 
IGF-1, T3, or T4, which is quite surprising given that IGF-1 is positively correlated with cell 
proliferation and protein synthesis (32). Other researchers have demonstrated that IGF-1 values 
in juvenile pigs are highly correlated with growth rate and backfat; and go as far as to suggest 
that selection based on early IGF-1 concentrations may help improve lean pork production 
efficiency (33). While we observed no differences in total T3 or T4, we cannot rule out the 
possibility that there were differences in the free, active form.   
In general, similar blood metabolite effects were evident when evaluating differences in 
ADG within WW category. While differences in ileal morphology among pigs from different 
ADG categories within varying WW categories were highly significant, the pattern was neither 
consistent nor had any apparent biological explanation. We had expected villous height to be 
positively correlated with ADG, as has been reported by previous researchers (34), but this was 
not the case and we have no clear explanation for the results. Apparently the differences in 
villous architecture were not relevant to ileal absorptive capacity either, as there were no 
significant differences. The tendency for LWW1 pigs to have greater active ion transport of Pro 
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is interesting, given that Pro has recently been reported to be largely catabolized by intestinal 
mucosa (35). It has been shown that 80 to 90% of Pro carbon serves as a substrate for ornithine, 
citrulline, and Arg production in the enterocyte (36). Because LWW1 pigs tend to transport 
greater quantities of Pro, perhaps the A monomeric amino acid transporter, which is responsible 
for the basolateral transport of Pro, has a greater affinity for Pro in LWW1 pigs. More likely, 
however, there is greater Pro substrate in LWW1 pigs because those pigs tend to have poorer Pro 
metabolism within the enterocyte. 
 While differences among WW categories were not significant, the tendency for MWW1, 
MWW2, and MWW3 pigs to have decreased transepithelial resistance compared to other pigs is 
notable. Intestinal integrity and permeability is typically quantified by TER (37). Our data 
suggest that when ADG is nested within WW, the MWW pigs tend to have decreased tight 
junction function and increased permeability. We had expected the fallback pigs to have 
decreased intestinal integrity compared to their normal contemporaries; as this has been reported 
in pigs with PFTS (38). However, our pigs were fasted overnight, and fasting has been 
demonstrated to reduce total intestinal permeability, which perhaps reduced our ability to 
distinguish more differences (38). 
One notable difference was that hemoglobin status differed between HWW1 pigs and 
pigs from LWW2, LWW3, MWW3, HWW2, and HWW3. However, the decreased hemoglobin 
status of HWW1 was not indicative of anemia, where hemoglobin levels within the pig are below 
80 g/L (39). The remaining differences are particularly interesting when comparing fallback pigs 
(LWW1 and MWW1) to their normal contemporaries. Fallback pigs had lower creatinine and 
albumin concentrations compared to their heavier or faster growing cohorts. This again points to 
the possibility of renal malfunction or decreased muscle mass in fallback pigs; however the lack 
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of other significant supporting results weakens this argument and suggests that these pigs may 
simply be dehydrated. 
Another possible way to analyze this data set is to ignore the whole plot of WW and only 
analyze pigs according to ADG. Four pigs had an ADG that was slower than twice the standard 
deviation of their respective WW category. These pigs were termed ‘extreme fallbacks’ and 
included one LWW, two MWW, and one HWW. Compared to the extreme fallback pigs, the 
remaining 91 pigs were considered to be normal contemporaries because their ADG was within 2 
standard deviations of their respective WW categories. These extreme fallback pigs are not 
considered to have PFTS because there were differences (P = 0.02 in initial weight (5.2 vs. 6.3 
kg for extreme fallback vs. normal pigs, respectively SEM = 0.40). Extreme fallback pigs did not 
differ from other individuals in villous height, active ion transport, or transepithelial resistance 
(P > 0.48). However, extreme fallback pigs had shallower (P < 0.0001) crypt depth compared to 
their normal contemporaries (210 vs. 257 µm for extreme fallback vs. normal pigs, respectively. 
SEM = 8.2). This was unexpected because shallower crypt depths are typically associated with 
fewer gut stressors (40). Additional research is needed to replicate and further understand this 
phenomenon. 
In contrast to the WW or ADG nested within WW, blood metabolite differences suggest 
possible metabolic dysregulation among extreme fallback pigs. While there were no differences 
(P > 0.23) in bicarbonate, alkaline phosphatase, IGF-1, or T4 among extreme fallback pigs and 
their normal cohorts, extreme fallback pigs had lower (P < 0.05) hemoglobin, hematocrit, 
sodium, creatinine, albumin, gamma-glutamyl transpeptidase, anion gap, and T3 concentrations 
or activities and tended to have lower (P = 0.06) lymphocyte concentrations compared to their 
normal contemporaries.  
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 The combination of decreased hemoglobin and hematocrit in extreme fallback pigs may 
indicate an iron deficiency in the acute (anemia) or chronic (erythropoiesis) manner (41), but 
these measures may be impacted by the hydration status of the animal (hemoglobin: 101 ± 5.8 
g/L vs. 122 ± 1.4 g/L; hematocrit: 31.3 ± 1.76% vs. 38.1 ± 0.42% for extreme fallback vs. 
normal pigs, respectively). Lowered serum albumin, sodium, and anion gap concentrations in 
extreme fallback pigs suggest that, indeed, these pigs were dehydrated compared to their normal 
contemporaries (albumin: 28 ± 1.8 g/L vs. 33 ± 0.6 g/L; sodium: 137 ± 1.2 mmol/L vs. 139 ± 0.5 
mmol/L; anion gap: 16  ± 2.2 vs. 20 ± 1.3 for extreme fallback vs. normal pigs, respectively). 
Water was never restricted from pigs during this experiment, but iron status may still be 
confounded by hydration state in this experiment, which is especially troubling when n = 4. Still, 
these data suggest that further research should evaluate if there is a true anemia or blood 
chemistry imbalance in extreme fallback pigs, which would be detrimental to their physiological 
status.  
The lower serum T3 concentrations in extreme fallback pigs may simply be an outcome 
of body weight. It has been previously demonstrated that pigs with heavier body weight typically 
have greater serum T3 concentration because they have more deiodinative tissue capable of 
converting T4 to T3 (42). On the other hand, low thyroid hormone levels may contribute to poor 
growth and physiological alteration of growth status (43). Thus, it is difficult to ascertain if  
serum T3 levels in extreme fallback pigs are lowered due to decreased thyroid secretion or less 
extrathyroidal conversion of T4 to T3 (44).  
 In summary, the phenotypic differences that we have previously reported (6, 7), do not 
appear to be largely related to blood metabolites or ileal function. There was little effect of either 
weaning weight or ADG on intestinal architecture and absorptive capacity. Therefore, fallback 
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from normal growth, as demonstrated by a slow ADG and either light or median WW, is likely 
attributed to poor feed intake. There is little understanding feed intake regulation in regard to 
poor growth performance or failure to thrive; and additional research regarding orexigenic and 
anorexigenic hormones and neuropeptides is necessary to more fully understand fallback pigs. 
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FIGURE LEGENDS 
 
FIGURE 1. Experimental design: from 960 total pigs, 32 males were selected from each of the 
10% lightest (LWW), median (MWW), and heaviest (HWW) weaning weight (WW) categories 
for the experiment (96 total pigs). Individuals acclimated for 5 d and then part of a 27-d growth 
experiment. After the completion of the experiment, WW categories were further stratified into 
the slowest, median, and fastest 33% average daily gain (ADG) categories (slowest = 1, median 
= 2, fastest = 3) within each WW category, This yielded a nested trial design, where 3 ADG 
categories (1, 2, 3) were nested within 3 WW categories (LWW, MWW, HWW), for a total of 9 
treatments.  
 
FIGURE 2. Ileum villous height and crypt depth at d 33 postweaning of pigs from different 
weaning weight categories. Values are mean of 30 measurements per pig ± pooled SEM. n = 19, 
16, and 16 for LWW, MWW, and HWW, respectively. LWW = lightest 10% weaning weight 
category, MWW = median 10% weaning weight category, HWW = heaviest 10% weaning 
weight category. 
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experiment. After the completion of the experiment, WW categories were further stratified into 
the slowest, median, and fastest 33% average daily gain (ADG) categories (slowest = 1, median 
= 2, fastest = 3) within each WW category, This yielded a nested trial design, where 3 ADG 
categories (1, 2, 3) were nested within 3 WW categories (LWW, MWW, HWW), for a total of 9 
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Table 1. Blood metabolite concentrations of pigs from different weaning weight categories at 50-54 days of age
1,2,3
 
Item LWW MWW HWW 
Pooled 
SEM P = 
n = 32 31 32   
Hemoglobin, g/L
4
 122 120 121 2.4 0.75 
Hematocrit, %
4
 38.2 37.4 37.9 0.77 0.76 
Lymphocyte, ×10
-3
/L
4
 11.5 11.2 13.3 1.166 0.30 
Sodium, mmol/L
4
 139 139 139 0.6 0.99 
Bicarbonate, mmol/L
4
 24.9 24.9 24.6 1.19 0.92 
Creatinine, µmol/L
4
 97.2
b
 106.1
ab
 114.9
a
 4.42 0.03 
Albumin, g/L
4
 33 33 34 0.7 0.36 
Alkaline phosphatase, U/L
4
 394
a
 384
ab
 343
b
 16.7 0.04 
Gamma-glutamyl transpeptidase, U/L
4
 51 54 54 3.4 0.71 
Anion gap
4
 20 20 20 1.3 0.64 
Insulin-like growth factors-1, nmol/L
5
 45.6 48.1 48.7 6.71 0.37 
Triiodothyronine, nmol/L
5
 4.9 5.1 5.1 0.11 0.44 
Thyroxine, nmol/L
 5
 37.8 38.1 37.9 0.75 0.52 
1
Within a row, means without a common letter differ, P < 0.05.
 
2
LWW = lightest 10% weaning weight category, MWW = median 10% weaning weight category, HWW = heaviest 10% weaning 
weight category out of 960 pigs.
 
3
Analysis was performed after log transformation, but means and standard errors represent untransformed values. 
4
Values were obtained within 6 hours by large animal complete panel and complete blood count differential after pigs were feed 
deprived for 12 h.
 
5
Values were obtained from serum which was isolated within 6 hours and stored at -80˚C until later quantification by ELISA kits.  
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Figure 2. Ileum villous height and crypt depth of pigs from different weaning weight categories 
at 50-54 days of age. Values are mean of 30 measurements per pig ± pooled SEM. n = 19, 16, 
and 16 for LWW, MWW, and HWW, respectively. LWW = lightest 10% weaning weight 
category, MWW = median 10% weaning weight category, HWW = heaviest 10% weaning 
weight category. 
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Table 2. Main effects of active ion transport of pigs from different weaning weight categories at 
50-54 days of age
1
 
Item P = 
Active ion transport, μA/cm2  
   Glucose 0.24 
   Glutamine 0.47 
   Glycylsarcosine 0.65 
   Lysine 0.50 
   Methionine 0.52 
   Proline 0.70 
   Threonine 0.08 
Transepitheial resistance, Ω 0.22 
1
Values used to calculate main effects represent active ion transport compared to resting (basal) 
levels. 
  
1
5
4
 
Table 3. Blood metabolite concentrations of pigs from different weaning weight and ADG categories at 50-54 days of age
1,2,3
 
Treatment: LWW1 LWW2 LWW3  MWW1 MWW2 MWW3  HWW1 HWW2 HWW3  
Pooled 
SEM P = 
n = 11 10 11  11 10 10  11 10 11    
Hemoglobin, g/L
4
 119
ab
 125
a
 123
a
  116
ab
 117
ab
 125
a
  110
b
 126
a
 127
a
  4.2 0.02 
Hematocrit, %
4
 36.9 39.1 38.4  36.4 36.9 38.8  35.0 39.2 39.5  1.34 0.10 
Lymphocyte, ×10
-3
/L
4
 10.71 11.50 12.26  11.02 9.81 12.71  12.09 14.74 13.20  1.768 0.72 
Sodium, mmol/L
4
 138 139 140  139 139 139  138 139 139  0.8 0.61 
Bicarbonate, mmol/L
4
 26.3
a
 23.2
b
 25.2
ab
  24.9
ab
 25.1
ab
 24.7
ab
  22.8
b
 24.2
ab
 26.8
a
  1.42 0.03 
Creatinine, µmol/L
4
 88.4
c
 106.1
ab
 106.1
ab
  97.2
bc
 114.9
a
 106.2
ab
  106.2
ab
 106.2
ab
 114.9
a
  7.07 0.02 
Albumin, g/L
4
 30
b
 34
a
 34
a
  31
b
 33
ab
 35
a
  33
ab
 35
a
 34
a
  1.1 0.01 
Alkaline phosphatase, U/L
4
 417 367 397  394 380 378  344 342 342  24.0 0.80 
Gamma-glutamyl transpeptidase, U/L
4
 49 49 54  48 61 52  55 57 49  4.8 0.27 
Anion gap
4
 18.4 21.3 20.4  19.5 19.3 19.7  22.0 20.4 18.8  1.6 0.24 
Insulin-like growth factors-1, nmol/L
5
 47.5 49.9 48.8  48.8 47.2 48.7  49.9 48.1 48.8  6.64 0.36 
Triiodothyronine, nmol/L
 5
 5.1 4.9 5.1  5.1 5.1 4.9  5.1 5.1 4.9  0.12 0.26 
Thyroxine, nmol/L
 5
 37.5 37.9 37.8  37.8 38.2 37.5  37.6 37.8 37.5  0.80 0.49 
1
Within a row, means without a common letter differ, P < 0.05.
 
2
LWW = lightest 10% weaning weight category, MWW = median 10% weaning weight category, HWW = heaviest 10% weaning weight category out of 960 
pigs. 1 = slowest 33% of WW category, 2 = median 33% of weaning weight category, 3 = fastest 33% of weaning weight category.
 
3
Analysis was performed after log transformation, but means and standard errors represent untransformed values. 
4
Values were obtained within 6 hours by large animal complete panel and complete blood count differential after pigs were feed deprived for 12 h.
 
5
Values were obtained from serum which was isolated within 6 hours and stored at -80˚C until later quantification by ELISA kits.  
  
1
5
5
 
 
 
 
 
 
 
 
 
Table 4.  Ileal morphology of pigs from different weaning weight and periweaning ADG categories at 50-54 days of age
1,2,3
 
Item LWW1 LWW2 LWW3  MWW1 MWW2 MWW3  HWW1 HWW2 HWW3  
Pooled 
SEM P = 
Number of pigs 11 5 3  7 3 6  2 6 8    
Villous height, μm 365cd 418ab 327d  330d 323d 403abc  437a 382bcd 390bc  23.9 < 0.0001 
Crypt depth, μm 245bc 259abc 218d  211d 284a 277ab  231cd 269ab 256abc  13.0 < 0.0001 
1
Values are mean of 30 measurements per pig.  
2
Within a row, means without a common letter differ, P < 0.05. 
3
LWW = lightest 10% weaning weight category, MWW = median 10% weaning weight category, HWW = heaviest 10% weaning weight category out of 960 
pigs. 1 = slowest 33% of WW category, 2 = median 33% of weaning weight category, 3 = fastest 33% of weaning weight category. 
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Table 5. Main effects of active ion transport and transepithelial resistance of pigs from 
different weaning weight (WW) and periweaning average daily gain (ADG) categories at 50-
54 days of age
1
 
 P = 
Item Different WW and ADG categories 
Active ion transport, μA/cm2  
   Glucose 0.17 
   Glutamine 0.44 
   Glycylsarcosine 0.13 
   Lysine 0.44 
   Methionine 0.16 
   Proline 0.07 
   Threonine 0.22 
Transepitheial resistance, Ω 0.10 
1
Values used to calculate main effects represent active ion transport compared to resting 
(basal) levels. 
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CHAPTER 5. BIRTH WEIGHT IS NOT INDICATIVE OF TRANSITION 
PERFORMANCE OR MORTALITY IN PIGS DURING A PRRSV OUTBREAK 
 
A paper submitted to The Journal of Animal Science 
 
Cassandra Jones and John Patience 
 
Abstract 
A total of 1,054 pigs were utilized to determine the effects of piglet birth weight and 
transition average daily gain (ADG) on subsequent growth performance, mortality, nutrient 
digestibility, and carcass composition in a commercial setting. Pigs (Danbred 600 × Newsham 
NC32) were farrowed at a commercial sow farm, weighed, and tagged individually. At 16 or 17 
days of age, pigs were weaned and moved to a commercial wean-to-finish barn. Mortalities were 
recorded on a daily basis. Pigs were weighed individually at weeks 0, 3, 6, and 22 post-weaning. 
Average daily gain from weeks 0 to 3 post weaning was termed ‘transition ADG.’ One pig from 
each of the 10
th
, 30
th
, and 70
th
 percentiles was used to create a ‘set’ of three pigs with the same 
gender, litter size, and from the same parity. Forty sets were created, for a total of 120 pigs. On 
each of weeks 3 and 22 post-weaning, 20 sets were harvested to determine nutrient digestibility 
and carcass composition. Pigs originated from a PRRSV negative herd, but broke with the 
disease in week 2 post-weaning. Data were analyzed using the GENMOD, GLIMMIX, and REG 
procedures of SAS. Birth weight was a good predictor (P < 0.02; R
2
 > 0.97) of overall post-
weaning growth performance and final weight, except for the period immediately after weaning 
(P = 0.99). Transition ADG was an excellent predictor of subsequent post-weaning growth (P < 
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0.0001; R
2
 > 0.98) and a good predictor of post-weaning mortality (P < 0.0001; R
2
 = 0.82). 
There was a significant birth weight × transition ADG interaction for mortality, where pigs from 
the 10
th
 percentile of transition ADG and birth weights heavier than 1.51 kg had greater mortality 
than those with birth weights from 1.26 to 1.50 kg (P < 0.05). Neither birth weight nor transition 
ADG affected apparent total tract digestibility of nutrients or energy (P > 0.15), but these values 
were substantially lower than other values in literature, particularly during the finishing period. 
Transition ADG did not affect carcass composition (P > 0.11), but pigs with birth weights 
heavier than 1.76 had more backfat than all other pigs and larger longissimus muscle area at 22 
weeks post-weaning than pigs with birth weights lighter than 1.25 kg (P < 0.05). In summary, 
transition ADG, but not birth weight, is related to post-weaning mortality. Both birth weight and 
transition ADG are indicative of subsequent growth performance, but not due to differences in 
nutrient digestibility. 
Keywords: birth weight, carcass composition, fallback, mortality, nutrient digestibility, pig 
Introduction 
 Transition average daily gain (ADG), or ADG during the first 3 weeks post-weaning, 
quantifies success during the weaning process and is affected by a multitude of factors. 
Transitioning pigs to solid diets during the weaning process involves environmental, 
psychological, and nutritional changes that cause stress to the animal (Funderburke and Seerley, 
1990; Mahan and Lepine, 1991; Pluske, 1995; and van Beers-Schreurs et al., 1998). Weaning-
related stress instigates villous atrophy and subsequently decreases absorption of nutrients, 
resulting in depressed growth (Hampson and Kidder, 1986 and Nabuurs et al., 1993). However, 
these stressors affect some pigs to a greater extent than others, as evidenced by the increased 
variation that occurs at weaning (Mahan, 1995). Patience (2009) described that increased 
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variation may be due to intrinsic factors, such as birth weight (Wolter and Ellis, 2001), gender, or 
dam parity (Damgaard et al., 2003); or extrinsic factors, such as pathogen exposure (De Grau et 
al., 2001). For example, a PRRSV outbreak during the early nursery period likely increases 
variability because its associated immune system stimulation and later suppression utilizes 
nutrients that could otherwise be available for growth 
It is well established that birth weight and weaning weight are related to subsequent 
growth performance (Schinckel et al., 2007; Main et al., 2004). However, the effect of 
periweaning growth performance on overall growth improvement is variable (Wolter and Ellis, 
2001 and Kim et al., 2001). In addition, there are limited data available on the effects of 
periweaning growth performance on nutrient digestibility, mortality, or carcass composition. The 
overall objective of this experiment was to identify the effects of piglet birth weight and 
transition average daily gain (ADG) on subsequent growth performance, mortality, nutrient 
digestibility, and carcass composition in a commercial setting. We had three initial hypotheses: 
1) weaning success, as evidenced by transition ADG, is positively correlated with birth weight, 
2) mortality is greatest in pigs with light birth weights and slow transition ADG, and 3) poor 
transition ADG is attributed to poor digestibility of nutrients and energy.  
Materials and Methods 
 All experimental procedures adhered to the principles of ethical and humane use of 
animals for research, and were approved by the Iowa State University Institutional Animal Care 
and Use Committee (#2-11-7095-S). 
 Animals and housing. Over a 3.5-d period, 1,500 pigs (Danbred 600 × Newsham NC32) 
were farrowed at a commercial sow farm located in southern Iowa (Iowa Select Farms, LLC). 
Prior to suckling, pigs were weighed to obtain individual birth weights and tagged with 
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uniqueidentification numbers. Parity and litter size of the damewas recorded. All procedures 
from birth until weaning were carried out according to normal procedures at the source farm, 
including cross-fostering among litters. At 16 or 17 days of age, a total of 1,054 pigs were 
randomly selected, weaned, and transported to a commercial wean-to-finish barn in central Iowa 
(Iowa Select Farms, LLC). Pigs were sorted by sex and randomly allotted to pens. There were 40 
pens and 26 or 27 pigs per pen.  
Data collection and diets. Individual mortalities were recorded daily. Pigs were weighed 
individually at 0, 3, 6, and 22 weeks post-weaning. Transition ADG was calculated as the 
average daily gain between weeks 0 and 3 post-weaning. One pig from each of the 10
th
, 30
th
, and 
70
th
 percentiles of transition ADG was used to create sets of three pigs derived from litters of the  
same size and from sows of the same parity. This allowed for the direct comparison of transition 
ADG category without the confounding factors of litter size or sow parity. Forty sets were 
created, for a total of 120 pigs. Pigs remained in original pens after initial placement, so a single 
set of pigs may have been located in multiple pens. All pigs were fed the same diets in the phase-
feeding program utilized by the commercial producer. However, 0.40% titanium dioxide was 
included at the expense of corn in diets at weeks 3 and 22 post-weaning to serve as an 
indigestible marker for nutrient digestibility analyses.  
Health status. Pigs originated from a sow herd that was negative for Porcine 
Reproductive and Respiratory Syndrome virus (PRRSV). However, a mixed PRRSV and 
Influenza A virus outbreak was confirmed week 2 post-weaning in the wean-to-finishing barn 
where this study was conducted.  
Nutrient digestibility and carcass composition data collection. At 3 weeks post-weaning, 
20 sets of pigs were transported to the Iowa State University Diagnostic Laboratory and 
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harvested via exsanguination. Rectal contents were collected from each pig to determine the 
apparent total tract digestibility of energy and nutrients. Rectal content and feed samples were 
oven-dried, ground through a 0.5-mm screen, and analyzed for DM, ash, GE, N, and titanium 
concentration.  
 Percentage DM and ash were determined according to modified methods 930.15 and 
942.05 (AOAC Int., 2007), respectively, where samples were dried at 105˚C or 600˚C, 
respectively to a constant weight. Benzoic acid was used as the standard for calibration (6,318 ± 
18 kcal/kg) for gross energy using bomb calorimetry, and was determined to be 6,321 ± 13 
kcal/kg. Nitrogen content was determined by Kjeldahl according to method 981.13 (AOAC Int., 
2007). Calibration was conduction with a glycine standard (N content 18.7 ± 0.1%). Upon 
analysis, N content of the glycine standard was determined to be18.7 ± 0.08%. Crude protein 
was expressed as nitrogen × 6.25. Titanium was analyzed according to Leone (1973). All 
chemical analyses were carried out in duplicate, and repeated when intra-duplicate coefficient of 
variation exceeded 1%. Dry matter and apparent total tract digestibility of nutrients were 
calculated according to the equations of Oresanya et al. (2007): DM Apparent Digestibility (%) = 
100% - [(Diet Marker Concentration ÷ Feces Marker Concentration) × 100] or Nutrient ATTD 
Coefficient (%) = 100% - {[(Diet Index Marker Concentration ÷ Feces Index Marker 
Concentration) × (Feces Nutrient Concentration ÷ Diet Nutrient Concentration)] × 100}. 
In addition to digestibility analyses, carcass composition was analyzed at week 3 post-weaning. 
All blood was collected following exsanguination. Contents from the stomach, intestines, 
gallbladder, and bladder were emptied. Whole carcasses, plus head, feet, blood, and organs were 
frozen, ground, homogenized, and subsampled. Sub-samples were then freeze dried, ground 
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through a 1-mm screen, and analyzed for percentage DM, ash, crude fat, N, and GE as described 
above. 
At 22 weeks post-weaning, carcass composition of the remaining 20 sets of pigs was 
determined by real-time ultrasound. Off-midline backfat and longissimus muscle area were 
measured from a cross-sectional image taken at the 10
th
 rib as described by Newcom et al. 
(2002). Pigs were then transported to the Iowa State University Diagnostic Laboratory and 
slaughtered. Samples of rectal contents were collected from each pig to analyze the apparent 
total tract digestibility of energy and nutrients. Rectal content and feed samples were oven-dried, 
ground through a 0.5-mm screen, and analyzed for DM, ash, GE, N, and titanium concentration 
as described above. All other pigs were reared according to normal procedures of the commercial 
producer. 
Experimental design and statistical analyses. Data were analyzed as a 5 × 3 × 2 factorial, 
with 5 birth weight categories: < 1.00 kg, 1.00 to 1.25 kg, 1.26 to 1.50 kg, 1.51  to 1.75 kg, and > 
1.76 kg; 3 transition ADG categories: 10
th
, 30
th
, or 70
th
 percentiles; and 2 genders: barrows and 
gilts. Pig was the experimental unit for all analyses. Growth, nutrient digestibility, and carcass 
composition data were analyzed using the GLIMMIX procedure of SAS (Version 9.2, SAS 
Institute, Cary, NC). The LSMEANS and DIFFS statements provided estimates of least-squares 
means and differences (α = 0.05) between them, respectively. Birth weight category, transition 
ADG category, gender, and all significant interactions of the three served as fixed effects. When 
all 1,054 pigs were considered, pen was a random effect. When only the 120 pigs in sets were 
considered, both pen and set were random effects. Pearson correlation coefficients were 
calculated using the CORR procedure of SAS. Results were considered significant if P < 0.05. 
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Because pig was the experimental unit, mortality was a binary variable (0 = alive, 1 = mortality) 
with a Bernoulli distribution. Thus, the incidence of mortality was analyzed using the GENMOD 
procedure of SAS, which utilized a logit model with categorical independent variables (Kaps and 
Lamberson, 2009). Results were considered significant if χ2 < 0.05. Predicted proportions for 
each independent variable were calculated using the PREDICTED statement, and differences (α 
= 0.05) between least squares means were calculated using the LSMEANS DIFF statement. 
Results and Discussion 
Birth weight was significantly different among pigs within each birth weight category (P 
< 0.05; Table 1). However, the differentiation among pigs with heavy birth weights decreased 
over time, which was a reflection of CV decreasing with age (CV = 29.8, 17.0, 10.2, and 5.2% at 
birth, weaning, 3-weeks post-weaning, and 22-weeks post-weaning, respectively). Pigs with birth 
weights from 1.51 to 1.75 kg had statistically similar weights at weaning and week 3 post-
weaning as pigs with birth weights heavier than 1.76 kg (P > 0.05). By 6 and 22 weeks post-
weaning, there were no significant weight differences among pigs in different birth weight 
categories if birth weights were heavier than 1.26 kg (P > 0.05).  
While subsequent weight differences among pigs from the heavy birth weight categories 
diminished, pigs with birth weights lighter than 1.00 kg were still significantly lighter than all 
other pigs throughout the experiment (P < 0.05); and the magnitude of difference was 
noteworthy. A 1.1-kg difference at birth between the two extreme birth weight categories (< 1.00 
kg vs. > 1.76 kg) resulted in a 12.3 kg difference by week 22 post-weaning (170 d of age). This 
magnitude of weight difference is larger than that found by Bee et al. (2004), who reported that a 
0.86-kg difference in birth weight resulted in a 9.9-kg difference by d 182 of age.  
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Birth weight substantially influenced subsequent weight. Over 95% of all variation in 
weight at weaning, 3, 6, or 22-weeks post-weaning could be explained by birth weight. These 
very high R
2
 values were quite surprising, as a number of other factors affect weight variation, 
including environment, health, and diet (Patience, 2009). Still, our data agrees with previous 
research suggesting that birth weight is the foundation of final weight variation (Rehfeldt and 
Kuhn, 2006; Schinckel et al., 2007, 2010; Beaulieu et al., 2010). 
Surprisingly, birth weight was not associated with transition ADG (P = 0.99). We had 
hypothesized pigs from light birth weights would have a more difficult transition period, and 
thus depressed ADG. However, this was not apparent (Pearson correlation P = 0.49). Although 
pigs from the 10
th
 percentile ADG had substantially more variation in transition ADG, there was 
similar variation in birth weight among the transition ADG categories (Figure 1). Perhaps the 
PRRSV outbreak during the transition period confounded the effect of birth weight on ADG. We 
were unable to find other research regarding the effect of birth weight during a PRRSV outbreak. 
However, the high disease load likely influenced the transition period ADG by inhibiting nutrient 
digestibility. The PRRSV as well as the secondary infections of Streptococcus suis and SIV, 
likely induced B-cell proliferation (Mulupuri et al., 2008). The primary site of B-cell 
differentiation in pigs is in the Peyer’s patches of the ileum, the primary site of nutrient 
absorption in the pig (Butler, 1998; Anderson et al., 1999). We did observe the expected 
relationship between birth weight and subsequent growth rate after the transition period. Pigs 
with birth weights lighter than 1.00 kg had depressed growth performance compared to pigs with 
birth weights heavier than 1.26 kg from 3 weeks to 22 weeks post-weaning (P < 0.05).  
Interestingly, the observed differences in body weight and post-weaning growth 
performance among pigs from different birth weight categories were not reflected in mortality. 
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Mortality incidence was not different among different birth weight categories (Main effect P = 
0.43; Pearson Correlation P = 0.63). This is in contrast to our hypothesis that pigs with light birth 
weights would have decreased survivability. However, the current experiment evaluated 
mortality beginning at weaning, and thus the effects of preweaning mortality were not 
considered. This is important to note because the majority of mortality related to birth weight 
occurs during the preweaning period (Milligan et al., 2002; Quiniou et al., 2002). For example, 
Fahmy and Bernard (1971) calculated that the Pearson Correlation Coefficient between average 
birth weight and preweaning mortality was -0.324, which was substantially greater than that 
between preweaning mortality and litter size (-0.009), birth weight variability (0.0006), or litter 
inbreeding (-0.018). In the same experiment, the researchers reported that pigs with birth weights 
lighter than 0.91 kg had 29.1% mortality, compared to 10.5% mortality of pigs with birth 
weights greater than 0.91 kg. While follow-up research showed that within-litter homogeneity of 
piglet birth weight greatly affects mortality (Fahmy et al., 1978; Pettigrew, et al., 1986; Milligan 
et al., 2002), it is apparent that preweaning mortality is greatest among pigs with light birth 
weights.  Birth weight is affected by birth order and affects time prior to suckling, which are also 
important factors in preweaning mortality (Bereskin et al., 1973; Hoy et al., 1997, Tuchscherer et 
al., 2000, and Edwards, 2002). In the 1,500 pigs farrowed for this experiment, preweaning 
mortality differed significantly among different birth weight categories (P < 0.0001; < 1.00 kg: 
25.9%, 1.00 to 1.25 kg: 9.0%; 1.26 to 1.50 kg: 6.8%; 1.51 to 1.75 kg: 6.1%; > 1.76 kg: 1.5%). 
Our experimental design began at weaning with 1,054 pigs, thus preventing the inclusion of 
preweaning mortality in our postweaning mortality data, but it is important to note the 
distinction, particularly when comparing to data sets that consider preweaning mortality. 
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Birth weight differed among gender, where barrows were slightly heavier than gilts (P = 
0.01; 1.40 vs. 1.38 kg). However, gender did not affect any other growth performance variable or 
mortality (P > 0.07), including weight at week 22 post-weaning (P = 0.48; 90.9 vs. 89.4 kg for 
barrows vs. gilts, respectively). There were significant interactions between birth weight and 
gender for weights at weaning and 3-weeks post-weaning (P < 0.04; Figure 2), as well as 
transition period ADG (P = 0.004; Figure 3). In general, barrows from lighter birth weights were 
lighter or slower growing compared to gilts, while barrows from heavier birth weights were of 
similar weight but faster growing than gilts. 
Transition ADG differed significantly among pigs within each category (P < 0.0001; 
Table 2). Weight among the three transition ADG categories differed from one another at weeks 
3 and 6 post-weaning (P < 0.05). By week 22, however, weight of pigs from the 10
th
 and 30
th
 
percentiles of transition ADG were not different (P > 0.05). Similarly, ADG was different among 
pigs in each category from weeks 3 to 6 post-weaning (P < 0.05); but ADG between the 10
th
 and 
30
th
 percentiles did not differ from weeks 6 to 22 or overall (P > 0.05). Again, the magnitude of 
difference between the 10
th
 and 70
th
 percentiles was surprising. A 41% improvement in transition 
ADG resulted in a 7.7-kg difference in weight at 22 weeks post-weaning. One can calculate that, 
if using ADG from 6 to 22 weeks post-weaning and marketed to a common weight, pigs from the 
70
th
 percentile would have likely reached market six days earlier than those from the 10
th
 
percentile. These data largely agree with Kim et al. (2001), who reported a 44% improvement in 
growth performance during the first 2 weeks after weaning resulted in pigs reaching 110-kg four 
days sooner. However, Wolter and Ellis (2001) found that a 74% improvement in growth 
performance during the same time period did not result in an improvement in overall growth 
performance or days to reach 110-kg. An important distinction in the current experiment is that 
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the differences in ADG were a result of natural variation, while improvements resulted from 
nutritional intervention in both the Kim et al. (2001) and Wolter and Ellis (2001) experiments. 
Compensatory gain after the period of nutritional intervention negated the effects of treatment-
induced growth depression in Wolter and Ellis (2001), but not Kim et al. (2001). In the current 
experiment, we observed little compensatory gain in pigs from the 10
th
 percentile, and perhaps 
compensatory gain is less likely in cases of natural weight suppression compared to nutritional 
intervention (Rehfeldt and Kuhn, 2006; Beaulieu et al., 2010). 
In contrast to birth weight, low transition ADG was associated with increased   mortality 
(P < 0.0001). In support of our hypothesis, pigs from the 10
th
 percentile of transition ADG had 
substantially greater mortality than those from the 30
th
 or 70
th
 percentiles (P < 0.05; 30.5 vs. 11.4 
and 8.6%, respectively). In fact, 82% of the variation in mortality could be explained by 
transition ADG category. There were no transition ADG × gender or transition ADG × gender × 
birth weight interactions. There were also no transition ADG × birth weight interactions for 
growth performance, (P > 0.18), but there was an interaction with mortality (P = 0.001; Table 3). 
Pigs from the 10
th
 percentile ADG and birth weights from the median category (1.26 to 1.50 kg) 
had lower mortality than pigs in all other categories in the 10
th
 percentile (P < 0.05). 
Numerically, pigs from the 10
th
 percentile ADG and heaviest birth weight categories had the 
highest mortality, which disproved our hypothesis. We had expected mortality to be greatest in 
pigs from the 10
th
 percentile transition ADG and lightest birth weight categories. Perhaps 
mortality was greatest among those with heavy birth weights because the weaker light birth 
weight pigs died during the suckling period. We may have proven our hypothesis if we had 
considered both preweaning and post-weaning mortality.  
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With respect to to our final hypothesis, apparent total tract digestibility of energy or 
nutrients did not differ among pigs from different transition ADG categories (P > 0.11), or 
among pigs from different birth weight categories or genders (P > 0.07; Table 4). There were 
also no interactions among transition ADG, birth weight, or gender for apparent total tract 
digestibility of nutrients (P > 0.06). The lack of effect on digestibility was surprising, particularly 
for pigs in different transition ADG categories. Growth modeling has shown us that birth and 
weaning weights are highly correlated with weights at finishing (Schinckel et al., 2007, 2010). 
However, pigs with heavier birth or weaning weights are thought to have a physiological 
advantage over lighter weight pigs of the same age beyond that of simple differences in weight. 
Mahan and Lepine (1991) suggested that pigs with heavier WW pigs may adapt more quickly to 
a solid diet during weaning than lighter weight pigs. Owsley et al. (1986) found that pig body 
weight increased proportionately with pancreatic weight, suggesting that pigs with heavier WW 
have a more developed digestive tract than pigs with lighter weaning weights, even at a similar 
age. The heavier pig is likely earlier maturing, and thus its digestive enzyme production is more 
attuned to grain-based diets at an early weaning age, such as the one used in this experiment. If 
differences in digestive tract maturity existed in this experiment, we would have likely seen these 
differences reflected in the apparent total tract digestibility and nutrients. However, we saw no 
such affect at either week 3 or week 22 post-weaning. The nutrient and energy digestibility 
values in our experiment ranged from 55.6% to 72.5%, which are substantially lower than 
expected from NRC (1998). We had expected slightly lower digestibility values because our 
experiment was in a commercial barn, which would assumably have that had more stressors 
compared to the confines of a typical digestibility experiment. Our values were substantially 
lower than those seen in another commercial experiment (Patience et al., 2004; DM = 82.3 ± 
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0.9%, GE = 82.3 ± 0.8%, CP = 80.3 ± 0.7%); and this is likely related to the PRRSV outbreak. 
While impossible to determine within the confines of this experiment, we hypothesize that the 
low nutrient digestibility values were due to high disease incidence. We found no research 
regarding the direct implications of PRRSV-infection on nutrient digestibility. However, PRRSV 
has been shown to induce serum IL-1, IFN-ɣ, IgM, IgG, and IgA concentrations (Cafruny et al., 
2008). A PRRSV infection results in the production of a variety of monoclonal antibodies, and 
the primary site of PRRSV replication occurs in macrophages within mucosal surfaces (Rossow 
et al., 1995). Taken together, we can suspect that the PRRSV and secondary infections induced 
the production of proinflammatory cytokines within the gut mucosa. According to Mani et al. 
(2012), cytokines are known to decrease feed efficiency (Evock-Clover et al., 1997; Steiger et 
al., 1999) and inhibit nutrient transport by acting on the somatotropic axis (Johnson 1997). In 
addition to decreased nutrient transport, immune stimulation suppresses growth by stimulating 
anabolic growth factors (Spurlock, 1997; Gabler and Spurlock, 2008). Immune stimulation likely 
resulted in decreased nutrient digestibility across all pigs, but additional research is needed to 
corroborate these findings.  
In agreement with our nutrient digestibility data, the body composition of pigs did not 
differ by birth weight category, transition ADG category, or gender at 3-weeks post-weaning (P 
> 0.07). Transition ADG did not affect carcass composition at 22-weeks post-weaning (P > 
0.13); however, there were effects due to both birth weight and gender (P < 0.03; Table 5). Pigs 
with birth weights heavier than 1.76 kg had greater backfat than pigs in all other birth weight 
categories (P < 0.05). This was likely the effect of body weight, as we chose not to use final 
body weight as a covariate. Although not statistically significant, pigs from the lighter birth 
weight categories had numerically greater backfat than those from the median birth weight 
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categories. If backfat measurements had been taken at a common weight, as opposed to a 
common age, these differences may have become statistically significant. Meanwhile, pigs with 
birth weights heavier than 1.76 kg had larger longissimus muscle area than pigs in all other birth 
weight categories (P < 0.05). Pigs with birth weights lighter than 1.00 kg had a substantial 
numerical decrease in longissimus muscle area, but it was only significantly different from pigs 
with birth weights from 1.26 to 1.50 kg or greater than 1.76 kg (P < 0.05). Previous research 
relating birth weight and carcass composition has been mixed (Rehfeldt et al., 2008; Beaulieu et 
al., 2010; Schinkel et al., 2010). However, pigs with lighter birth weights have been shown to 
have fewer myofibrils, which are larger in size (Bee, 2004 and Gondret et al., 2006). Muscle 
fiber number is an important factor in growth rate, particularly after 70 d of age, and fewer 
myofibrils are indicative of lower carcass yield (Dwyer et al., 1993). In this experiment, we also 
saw the expected difference in longissimus muscle area according to gender (P = 0.001; 42.8 vs. 
47.0 cm
2
 for barrows vs. gilts, respectively). However, gender did not affect backfat (P = 0.43). 
In summary, we determined that birth weight was not indicative of transition ADG or 
mortality, but greatly affected subsequent performance. Increasing transition ADG decreased 
mortality substantially, but did not affect nutrient digestibility or carcass composition. Apparent 
total tract digestibility of energy and nutrients was not affected by birth weight or transition 
ADG; however it was substantially than expected, which is a likely effect of the PRRSV 
outbreak. Thus, additional research is necessary to corroborate these findings, particularly in a 
situation with a more stable disease environment. 
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Table 1. Effect of birth weight category on post-weaning (PW) growth performance and mortality. 
 Birth Weight Category, kg  
R
2
 with  
Birth Weight  < 1.00 
1.00 
to 
1.25 
1.26 
to 
1.50 
1.51 
to 
1.75 > 1.76 
Pooled 
SEM P = 
 
n = 131 244 320 256 103     
Growth Performance          
   Weight, kg          
      Birth 0.82
e
 1.16
d
 1.40
c
 1.63
b
 1.88
a
 0.024 < 0.0001  - 
      Weaning 3.65
d
 4.23
c
 4.88
b
 5.38
a
 5.60
a
 0.278 < 0.0001  0.98 
      3 Week PW 6.64
d
 7.21
c
 7.84
b
 8.37
a
 8.49
a
 0.282 < 0.0001  0.97 
      6 Week PW 10.28
c
 12.00
b
 12.96
a
 13.38
a
 13.96
a
 0.730 < 0.0001  0.95 
      22 Week PW 83.4
c
 88.1
b
 90.9
ab
 92.8
a
 95.7
ab
 3.56 0.002  0.99 
   ADG, g/d          
      0 – 3 Week PW 161 161 160 161 162 4.3 0.99  0.17 
      3 – 6 Week PW 175b 231a 247a 238a 257a 33.0 0.003  0.78 
      6 – 22 Week PW 616b 650ab 669a 680a 697a 29.6 0.02  0.98 
      0 – 22 Week PW 501b 527ab 541a 549a 562a 22.3 0.02  0.98 
Mortality, % 21.4 16.4 14.4 18.4 18.5 - 0.43  0.09 
abcde
Means within a row that do not share a common superscript differ P < 0.05.
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Table 2. Effect of transition ADG category on post-weaning (PW) growth performance and mortality. 
 Transition ADG Category   
R2 with 
Transition ADG  10
th
 30
th
 70
th
 
Pooled 
SEM P = 
 
n = 105 105 105     
Growth Performance        
   Weight, kg        
      3 Week PW 6.75
c
 7.77
b
 8.97
a
 0.093 < 0.0001  0.99 
      6 Week PW 11.49
c
 13.53
b
 15.59
a
 0.293 < 0.0001  0.99 
      22 Week PW 100.0
b
 102.9
b
 107.7
a
 1.55 < 0.0001  0.99 
   ADG, g/d        
      0 – 3 Week PW 90c 151b 219a 1.4 < 0.0001  - 
      3 – 6 Week PW 224c 270b 316a 12.2 < 0.0001  0.98 
      6 – 22 Week PW 796b 821b 862a 12.8 < 0.0001  0.99 
      0 – 22 Week PW 599b 618b 649a 9.7 < 0.0001  0.99 
Mortality, % 30.5
a
 11.4
b
 8.6
b
 - < 0.0001  0.82 
abc
Means within a row that do not share a common superscript differ P < 0.05.
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Table 3. Means of significant transition ADG category × birth weight category interaction on post-weaning (PW) mortality. 
Transition ADG 
Category: 10
th
 Percentile  30
th
 Percentile 
 
70
th
 Percentile 
Birth Weight Category, 
kg: 
 
< 1.00 
1.00 
to 
1.25 
1.26 
to 
1.50 
1.51 
to 
1.75 
> 
1.76  
 
< 1.00 
1.00 
to 
1.25 
1.26 
to 
1.50 
1.51 
to 
1.75 > 1.76 
  
< 
1.00 
1.00 
to 
1.25 
1.26 
to 
1.50 
1.51 
to 
1.75 > 1.76 
n =  25 29 29 15 7  18 35 27 16 9  13 26 33 27 6 
Total Mortality, % 28.0
abc
 31.0
ab
 17.2
bcd
 46.7
a
 57.1
a
  16.7
abcd
 14.3
bcd
 3.7
d
 12.5
bcd
 11.1
abcd
  7.7
bcd
 7.7
cd
 9.1
cd
 11.1
bcd
 0.0
e
 
abcde
Means within a row that do not share a common superscript differ P < 0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
1
8
0
 
 
Table 4. Main effects and interactions on apparent total tract digestibility (ATTD) of energy and nutrients and carcass composition. 
 P = 
 
Birth 
weight 
Transition 
ADG Gender 
Birth weight 
× 
Transition ADG 
Birth weight 
× 
Gender 
Transition ADG 
× 
Gender 
Birth weight  
×  
Transition ADG 
×  
Gender 
Week 3 post-weaning        
   ATTD
1
, %        
      Dry matter 0.65 0.72 0.64 0.77 0.98 0.90 0.75 
      Gross energy 0.66 0.44 0.98 0.48 0.92 0.15 0.43 
      Nitrogen 0.16 0.64 0.61 0.24 0.47 0.84 0.58 
      Ash 0.15 0.52 0.28 0.72 0.19 0.63 0.43 
   Carcass composition
2
, %        
      Water 0.32 0.33 0.85 0.75 0.60 0.59 0.73 
      Protein 0.62 0.11 0.07 0.55 0.17 0.06 0.65 
      Lipid 0.18 0.18 0.70 0.99 0.14 0.16 0.69 
      Ash 0.48 0.76 0.71 0.54 0.15 0.95 0.44 
Week 22 post-weaning        
   ATTD
3
, %        
      Dry matter 0.65 0.67 0.26 0.85 0.63 0.15 0.31 
      Gross energy 0.44 0.87 0.91 0.18 0.64 0.46 0.26 
      Nitrogen 0.18 0.997 0.88 0.86 0.98 0.65 0.77 
      Ash 0.27 0.22 0.32 0.45 0.50 0.80 0.51 
   Carcass composition
4
        
      Backfat, mm 0.03 0.43 0.37 0.09 0.54 0.14 0.17 
      Longissimus muscle area, cm
2
 0.01 0.14 0.001 0.39 0.95 0.79 0.67 
1
Overall means (mean ± SEM): dry matter = 72.2% ± 0.60%, gross energy = 72.5% ± 0.64%, nitrogen = 67.9% ± 0.65% and ash = 72.1% ± 0.66%. 
2
Overall means (mean ± SEM):  water = 68.0% ± 0.66%, protein = 15.8% ± 0.12%, lipid = 13.3% ± 0.76% and ash = 2.9% ± 0.35%.
 
3
Overall means (mean ± SEM):  dry matter = 65.6% ± 0.60%, gross energy = 59.3% ± 0.94%, nitrogen = 55.6% ± 0.48% and ash = 62.0% ± 0.52%.
 
4
Overall means (mean ± SEM): backfat = 16.8 mm ± 0.62 mm and longissimus muscle area = 44.9 cm
2 
± 0.86 cm
2
. 
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Table 5. Effect of birth weight category on carcass composition at 22 weeks post-weaning. 
 Birth Weight Category, kg  
 < 1.00 1.00 to 1.25 1.26 to 1.50 1.51 to 1.75 > 1.76 
Pooled 
SEM 
Backfat, mm 16.8
b
 16.0
b
 15.5
b
 15.4
b
 20.2
a
 0.61 
Longissimus muscle area, cm
2
 41.7
c
 46.7
bc
 45.5
ab
 44.5
bc
 49.0
a
 1.26 
abc
Means within a row that do not share a common superscript differ P < 0.05. 
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Figure 1. Birth weight × transition ADG interaction. Pigs were from the 10
th
 (●), 30th (▲), 
or 70
th
 (■) percentile of transition ADG.  
Figure 2. Differences in mean weight at 0 or 3 weeks post-weaning according to birth weight 
category × gender interaction. Pigs were barrows (solid line) or gilts (dashed line). Lines 
represent weights at week 0 (●) or 3 (▲) post-weaning. Error bars = SEM. 
Figure 3. Differences in transition ADG according to birth weight category × gender 
interaction. Pigs were barrows (solid line) or gilts (dashed line). Error bars = SEM. 
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CHAPTER 6. POOR WEANING TRANSITION ADG IN PIGS IS NOT CORRELATED 
WITH PATHOLOGICAL OR IMMUNOLOGICAL MARKERS OF ENTERIC DISEASE 
DURING A PRRSV OUTBREAK 
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Abstract 
Previous research suggests that enteric disease and gut health interact to decrease pig 
performance. Our objective was to determine if light birth weight (BRW) pigs or those from the 
bottom 10th percentile of transition ADG (tADG) have a greater incidence of pathogen presence 
or enteric lesions than heavier or faster-growing contemporaries. A total of 1,500 pigs were 
weighed at birth and divided into 5 BRW categories: <1 kg, 1-1.25 kg, 1.26-1.5 kg, 1.51-1.75 kg, 
>1.76 kg. At weaning, 1,054 randomly selected pigs were moved to a commercial wean-to-finish 
barn. Pigs were weighed individually at 0 and 3 weeks post-weaning. Gain from 0 to 3 weeks 
post-weaning was calculated and termed tADG. Pigs from 3 tADG percentiles were of interest: 
10
th
, 30
th
, and 70
th
. Forty pigs from each of the 3 tADG percentiles were matched for sex, litter 
size, and sow parity, but not BRW to create 20 matched sets totaling 60 pigs. This allowed for 
the evaluation of the main effects of BRW and tADG to be studied as a 5 × 3 factorial design. At 
3- and 22-weeks post-weaning, pigs were euthanized for organ system tissue evaluation. Lung, 
lymph node, and digesta were analyzed for presence of various pathogens by PCR and culture 
methods. Data were analyzed using PROC GENMOD and GLIMMIX, where pig served as the 
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experimental unit. The fixed effects were BRW and tADG; and the random effects were pen and 
set. There were no BRW × tADG interactions (P > 0.16). There was no correlation (P > 0.12) 
between tADG and pathogen presence at either 3- or 22-weeks post-weaning. Incidence and 
severity of microscopic lesions decreased linearly with increasing tADG in the large intestine 
(incidence: P = 0.01; 65, 55, 25% for 10
th
, 30
th
, and 70
th
 percentiles, respectively; severity: P = 
0.01; 1.15, 0.75, 0.16 for 10
th
, 30
th
, and 70
th
 percentiles, respectively) at 3-weeks post-weaning. 
Lesion incidence and severity were also affected (P < 0.04) by tADG at 22-weeks post-weaning. 
Birth weight affected (P = 0.02) Haemolytic E. coli and Salmonella spp. B isolation at 3-weeks 
post-weaning, as well as Brachyspira spp. isolation at 22-weeks post-weaning (P = 0.05). There 
were no effects (P > 0.21) of BRW or tADG on serum or ileum mucosa scraping immune 
markers. In summary, poor tADG is not correlated with the pathogens or immunological markers 
of enteric disease measured in this study. 
Keywords: birth weight, enteric disease, fallback, pig, transition 
Introduction 
Fallback pigs are those that fail to achieve growth performance equal to that of their 
contemporaries (Jones et al., 2012). Sometimes one individual component, such as light birth 
weight (BRW) due to intrauterine growth retardation, is responsible for underperformance 
(Gondret et al., 2005 and 2006). However, fallback pigs are usually created by a combination of 
circumstances that compromise a pig’s ability to develop or grow as well as its contemporaries 
(Wu et al., 2006). Some of these circumstances include poor nutrition, psychological or 
environmental stress, and disease, with the latter being one of the least understood. For example, 
the immune system stimulation and later suppression associated with a PRRSV outbreak utilizes 
nutrients that could otherwise be available for growth. 
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 Even with 1.27 million kg of in-feed antimicrobials utilized annually, disease still poses 
significant economic and animal welfare concerns to the swine industry (Apley et al., 2012). 
Pathogen elimination would be the most ideal way to control disease. However, this is often 
unfeasible in today’s industry. Removing predisposing factors associated with pathogens is often 
the most practical method to control disease (Batista and Pijoan, 2002; Madec and Buddle, 
2002). Fallback pigs may be one of these predisposing factors as they may harbor pathogens that 
assault healthy pigs sharing the same space. Rearing these fallback pigs separately from their 
contemporaries may improve the overall enteric health and performance of the growing-pig 
population. However, we first need to characterize if fallback pigs are the sources of increased 
enteric disease within the barn. Our objectives were to determine if, compared to their heavier or 
faster-growing contemporaries, light birth weight pigs or those from the bottom 10th percentile 
of tADG have a greater incidence of 1) enteric pathogen presence, 2) gastrointestinal lesion 
presence or severity, and 3) immunological marker presence in ileal mucosa and serum. 
Materials and Methods 
 All experimental procedures adhered to the ethical and humane use of animals for 
research, and were approved by the Iowa State University Institutional Animal Care and Use 
Committee (#2-11-7095-S). 
 Animals and housing. Over a 3.5-d period, 1,500 pigs (Danbred 600 × Newsham NC32) 
were farrowed at a commercial sow farm located in southern Iowa (Iowa Select Farms, LLC). 
Prior to suckling, pigs were weighed to obtain individual birth weights and tagged with an 
identification number. Source sow parity and litter size were recorded. All procedures from birth 
until weaning were carried out according to normal procedures at the source farm, including 
cross-fostering among litters. At 16 or 17 days of age, a total of 1,054 pigs were randomly 
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selected, weaned, and transported to a commercial curtain-sided wean-to-finish barn with slatted 
floors and a deep pit in central Iowa (Iowa Select Farms, LLC). Pigs were sorted by sex and 
randomly allotted to 40 pens with26 or 27 pigs per pen.  
Experimental design and diets. Pigs were weighed individually at birth, at weaning, and 3 
weeks post-weaning. Transition ADG (tADG) was calculated as the average daily gain between 
weeks 0 and 3 post-weaning. One pig from each of the 10
th
, 30
th
, and 70
th
 percentiles of tADG 
was used to create one set of three pigs with the same litter size and from the same parity sow. 
This allowed for the direct comparison of tADG category without the confounding factors of 
litter size or sow parity. Forty sets were created in this manner, for a total of 120 pigs. Pigs 
remained in original pens after initial placement, so a single set of pigs may have been located in 
multiple pens. Data were analyzed as a 5 × 3 factorial, with 5 birth weight categories: < 1.00 kg, 
1.00 to 1.25 kg, 1.26 to 1.50 kg, 1.51 to 1.75 kg, and > 1.76 kg and 3 transition ADG categories: 
10
th
, 30
th
, or 70
th
 percentiles. We have previously reported the growth performance according to 
transition ADG. The transition ADG for pigs within each percentile were: 90, 151, and 219 g/d 
for pigs from the 10
th
, 30
th
, and 70
th
 percentiles, respectively (P < 0.0001; SEM = 1.4 g/d; Jones 
and Patience, 2012). Fallback pigs were identified as those with tADG in the 10
th
 percentile. All 
pigs were fed the same diets in the phase-feeding program utilized by the commercial producer. 
Feed-grade antibiotics were included in the feeding program. From weaning until the barn 
average weight was approximately 9.3 kg, pigs received diets containing 50 ppm carbodox. 
When pigs were approximately 9.3 kg to 12 kg, diets contained 400 ppm chlortetracycline and 
35 ppm tiamuline hydrogen fumarate. When pigs weighed approximately 12 to 18 kg, diets 
contained 500 ppm oxytetracycline. When pigs were approximately 18kg to 23 kg, diets 
contained 400 ppm chlorotetracycline. When pigs were approximately 23 kg until the end of the 
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experiment, pigs received diets containing 25 ppm zinc bacitracin. As previously reported, 
overall ADG from weaning until 22 weeks post-weaning was 599, 618, and 649 g/d (P < 0.0001; 
SEM = 9.7 g/d), while week 22 body weight was 100.0, 102.9, and 107.7 kg (P < 0.0001; SEM = 
1.55 kg) for pigs from the 10
th
, 30
th
, and 70
th
 percentiles, respectively (Jones and Patience, 2012). 
 Pig health status. Pigs originated from a herd negative for Porcine Reproductive and 
Respiratory Syndrome virus (PRRSV). However, a mixed PRRSV and Influenza A virus 
outbreak was confirmed week 2 post-weaning in the wean-to-finishing barn where this study was 
conducted.  
Necropsy and sample collection. Twenty sets of pigs (20 sets × 3 pigs per set = 60 total 
pigs) were transported to the Iowa State University Veterinary Diagnostic Laboratory (ISU-
VDL) at each of weeks 3 and 22 post-weaning. After transport, blood was collected from live 
pigs via jugular venipuncture; serum was collected and stored at -80°C for later analyses. Pigs 
were euthanized via captive-bolt stunning and exsanguination (week 3 post-weaning) or 
electrocution (week 22 post-weaning) and necropsied by veterinary pathologists. A 15-cm 
segment of the ileum was collected exactly 1-m proximal to the ileal-cecal junction immediately 
after euthanasia. The ileum was immediately split along the mesenteric border placed on a cold 
metal tray, flushed with cold saline, and mucosa was collected by gently scraping the luminal 
surface with a glass microscope slide. Mucosa scrapings were flash-frozen in liquid nitrogen and 
stored at -80°C for later analyses. Appropriate fresh tissue samples and digestive contents were 
collected for pathogen identification. Sections of brain, heart, kidney, large intestine, liver, lung, 
lymph node, nasal turbinate, pancreas, small intestine, spleen, stomach, and thymus were 
collected, fixed in 10% neutral-buffered formalin for 48 hours, routinely processed, and stained 
with hematoxylin and eosin for microscopic examination.  
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Incidence of pathogens. The incidence of both the North American and European 
genotype of PRRSV (TaqMan® NA and EU PRRSV, Applied Biosystems, CA, USA) in lung 
samples and the incidence of Porcine Circovirus 2 (PCV2) in lymph nodes (tracheobronchial and 
mesenteric; Opriessnig et al., 2003) were determined by PCR.  Additionally, PCR was utilized to 
determine the incidence of rotavirus serogroups A, B, and C (Torrison et al., 2010) and Lawsonia 
intracellularis (Jordan et al., 1999) in colon content samples. Lung, spleen, small intestine and 
colon were cultured for Arcanobacterium pyogenes, Brachyspira spp, hemolytic Escherichia coli 
haemolytic (Hemolytic E. coli), Haemophilus parasuis, Pasteurella multocida A, Salmonella 
spp., and Streptococcus suis. 
Incidence and severity of lesions. Presence and severity of microscopic lesions were 
analyzed in a blinded fashion by a certified veterinary pathologist at the ISU-VDL. All collected 
tissues were examined for inflammation, necrosis, degeneration, and atrophy that could be 
associated with a disease process, and scored from 0 to 3 (0 = no lesion, 1 = mild, 2 = moderate, 
3 = severe). 
Liver mineral concentration. Fresh liver samples were quantitatively assessed for 
concentrations of cadmium, calcium, cobalt, copper, chromium, iron, phosphorus, potassium, 
magnesium, manganese, molybdenum, selenium, sodium, and zinc by Inductively Coupled 
Plasma/Mass Spectrometry (ICP/MS) according to the ISU-VDL standard operating procedure.  
Immune marker concentration. Approximately 500 mg of mucosa scrapings was placed 
in 4 mL phosphate-buffered saline, homogenized, and centrifuged at 10,000 × g for 15 minutes. 
The supernatant was extracted, subsampled, and stored at -80°C for subsequent analyses. Total 
protein concentration of hydrolyzed mucosa scrapings was quantified using a Pierce 
bicinchoninic acid (BCA) Protein Assay kit (Thermo Scientific). Using porcine ELISA kits, 
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serum and mucosa concentrations of IgA (Bethyl Laboratories, Inc.), IL-1β (R&D Systems), IL-
8 (R&D Systems), and total GSH (Cayman Chemical Company) were determined. All analyses 
were completed in duplicate, and repeated when intra-duplicate coefficient of variation exceeded 
5%. Mucosa concentrations were standardized from a per milliliter of supernatant basis to a per 
gram of mucosa scraping basis by multiplying the immune marker concentration of each sample 
by its total protein concentration. 
Statistical analyses. Pig was the experimental unit for all analyses. The fixed effects were 
BRW and tADG categories, while the random effects were pen and set. There were no effects of 
sex or interactions (P > 0.15), so those variables were removed from all model statements. The 
incidence of bacterial or viral pathogens, or lesions were binary variables (0 = not present, 1 = 
present) and had Bernoulli distributions. Thus, the incidence of bacterial or viral pathogens, or 
lesions was analyzed using the GENMOD procedure of SAS (Version 9.2, SAS Institute, Cary, 
NC), which utilized a logit model with categorical independent variables (Kaps and Lamberson, 
2009). Results were considered significant if χ2 < 0.05. Predicted proportions for each 
independent variable were calculated using the PREDICTED statement, and differences (α = 
0.05) between least squares means were calculated using the LSMEANS DIFF statement. If 
lesion incidence was significant (P < 0.05), lesion severity score was calculated using the 
GLIMMIX procedure of SAS. The GLIMMIX procedure was also used to determine liver 
mineral concentration and immune marker concentrations. Immune marker concentrations were 
log transformed prior to analyses in order to meet the assumptions of ANOVA. Reported 
immune marker concentration P-values represent transformed values, but means and standard 
errors of the means represent untransformed values. The LSMEANS and DIFFS statements 
provided estimates of least-squares means and differences (α = 0.05) between them, respectively. 
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Effects were considered trends if 0.05 < P < 0.10. Pearson correlation coefficients were 
calculated using the CORR procedure of SAS. Results were considered significant if P < 0.05. 
Results and Discussion 
Fallback pigs may simply be those born with a light birth weight. Perhaps caused by 
intrauterine growth retardation, prenatal programming may restrict subsequent performance as 
suggested by the thrifty phenotype hypothesis (Hales and Barker, 1992; Wu et al., 2006). 
However, fallback pigs can also be those with similar birth weights or weaning weights, such as 
with porcine periweaning failure-to-thrive syndrome (PFTS). Typically, PFTS is associated with 
pigs that have normal weaning weights and no sign of infectious or nutritional factors that would 
predispose them to poor post-weaning growth, but that have anorexia noticeable within one week 
post-weaning and extreme lethargy in the following 1-2 weeks (Huang et al., 2011 and 2012). 
While similar to the pigs in this experiment, pigs with PFTS have a common weaning weight, 
which is not a requirement of fallback pigs (Huang et al., 2011). In addition to light BRW or 
PFTS, disease may cause pigs to fall back from normal performance. Holck et al. (1998) 
observed that only 70% of a pig’s genetic potential for growth is reached when reared in 
commercial conditions. Disease has been hypothesized to be one of the primary sources of this 
reduction in performance. The classification of fallback pigs may encompass pigs with 
intrauterine growth retardation, pigs with PFTS, pigs with increased pathogen presence, or pigs 
that fall back for other unknown reasons. Within the confines of this experiment, we wanted to 
determine if disease presence and severity is associated with fallback pigs by studying the effects 
of both birth weight and periweaning or transition period ADG (tADG).  Furthermore, this study 
was conducted in commercial facilities using commercial diets and handling conditions. 
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It is important to note that the PRRSV outbreak at week 2 post-weaning likely influenced 
the results of this experiment, particularly those at week 3 post-weaning. The PRRS virus is 
highly associated with secondary infections (Moore, 1990; White, 1992; Stevenson et al., 1993, 
Benfield et al., 1999). Although the incidence of PRRS viremia was equal among all pigs at 3-
weeks post-weaning, these results provide valuable insight into the prevalence of pathogens and 
immunological markers during and after a PRRSV outbreak.  
Birth weight and transition ADG had little effect on the bacteria or viruses burden in the 
pigs used in this study. At week 3 post-weaning, there was no effect (P > 0.08; Table 1) of BRW 
on the incidence of Arcanobacterium pyogenes, Haemophilus parasuis, PCV2, PRRSV, 
rotavirus, or Streptococcus suis infection. However, the incidence of hemolytic E. coli and 
Salmonella spp. B was affected (P = 0.02) by BRW, but in different manners. Pigs from BRW 
categories less than 1.25 kg had decreased (P < 0.05) incidence of hemolytic E. coli than those 
pigs in the 1.26 to 1.50 kg or > 1.76 kg categories. This resulted in hemolytic E. coli incidence 
increasing linearly with BRW (P = 0.04). The direction of this effect was unexpected, and in 
contrast with previous human research. For example, very light birth weight infants are more 
prone to E. coli pathogen incidence than normal weight infants because the growth of anaerobic 
organisms in a healthy gut inhibits the proliferation of gram-negative organisms (Stoll et al., 
1996; Sakata et al., 1985). Meanwhile, pigs with BRW from 1.00 to 1.50 had a decreased (P < 
0.05) incidence of Salmonella spp. B compared to pigs with BRW > 1.76, resulting in a quadratic 
effect (P = 0.02). We would have expected Salmonella spp. B incidence to decrease with 
increasing BRW, as has been described in human infants (Jarvis and Robles, 1996). Pessoa-Silva 
et al. (2002) showed that a 250-g increase in infant BRW resulted in increased protection from 
Salmonella Infantis. 
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There was no effect (P > 0.31) of tADG on the presence of bacteria or viruses at 3-weeks 
post-weaning. This was unexpected, as we had hypothesized that fallback pigs had a greater 
incidence of pathogens than their faster-growing contemporaries. Unreported data from our lab 
demonstrates a difference between the theoretical and actual ME intake of fallback pigs 
compared to their contemporaries. One of the possible explanations for this difference is a 
variation in the maintenance requirement of pigs, which may fluctuate due to disease prevalence. 
However, this study suggests that disease incidence, as measured by pathogen prevalence, does 
not differ among pigs of varying tADG.  
We have found no other data regarding the effect of pathogen presence on the prevalence 
fallback pigs. However, Huang et al. (2012) reported that PFTS was not (P > 0.05) caused by 
any pathogens tested in their experiment, including Clostridium perfringens, pathogenic E. coli, 
attaching and effacing E. coli, Pasteurella mutocida, Streptococcus suis, Haemophilus parasuis, 
Bordetella bronchiseptica, Brachyspira hyodysenteriae, Brachyspira pilosicoli, PCV2, PRRSV, 
Influenza A virus, Alphacoroanvirus 1, rotavirus A, Porcine enteric calicivirus, Suid herpesvirus 
2, Betacoronavirus 1, Torque teno virus 1, Torque teno virus 2, or Coccidia. This is the only 
controlled experiment of pigs with PFTS in the literature, and consisted of an investigation at a 
single farm. However, taken together with data from this experiment, it appears that neither 
PFTS nor fallback during the periweaning period were influenced by the infectious disease 
agents evaluated. 
While this may be the case at 3-weeks post-weaning, BRW and tADG may affect 
pathogen incidence during the finishing period. Pigs with BRW < 1.00 kg had a greater (P < 
0.05) incidence of colonic Brachyspira spp. infection than those with BRW 1.51 kg or heavier. 
Increasing birth weight tended to decrease (P = 0.08) colonic Brachyspira spp. infection, and 
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there was a strong negative correlation between the two (P = 0.05; Correlation = - 0.881; Table 
2). We have been unable to find a similar response in the literature, but increasing birth weight is 
associated with improving intestinal flora development (Sakata et al., 1985; Uauy et al., 1991). 
There were no (P > 0.14; Table 1) other effects of BRW on bacteria or viral presence. 
Brachyspira spp. infection was also affected (P = 0.01) by tADG, although in an unexpected 
manner. Pigs from the 30
th
 percentile had greater (P < 0.05) incidence Brachyspira spp. infection 
than those from the 10
th
 percentile of tADG, an effect for which we cannot explain. 
There was no effect (P > 0.32) of tADG on the incidence of Haemophilus parasuis,  
Lawsonia intracellularis, Pasteurella multocida A, PRRSV, or Salmonella spp. B. However, 
tADG affected (P = 0.03) PCV2 incidence, where pigs from the 10
th
 percentile of tADG had 
increased (P < 0.05) PCV2 prevalence compared to those from the 30
th
 or 70
th
 percentiles. We 
did not expect a response in PCV2 prevalence because all pigs were vaccinated at 6 weeks of age 
(4 weeks post-weaning). However, the direction of the response was expected as poor post-
weaning growth is characteristic of both PCV2 and the related post-weaning multisystemic 
wasting syndrome (Harding and Clark 1997; LeCann et al., 1997, Segalés et al., 1997). Still, 
there were no significant correlations (P > 0.12) between tADG and pathogen presence at either 
week 3 or 22 post-weaning, including PCV2 incidence at 22 weeks post-weaning (P = 0.43; 
Table 2). 
While PCR and digestive content samples allow us to determine the incidence of 
pathogens, we must also consider the magnitude of their effect. One manner in which this can be 
quantified is through the incidence and severity score of histopathological lesions on various 
organs (Bertschinger and Fairbrother, 1999). At week 3 post-weaning, there was no effect (P > 
0.24; Table 3) of BRW on lesion incidence in the brain, heart, kidney, large intestine, liver, lung, 
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lymph nodes, nasal turbinate, pancreas, small intestine, or spleen. Both stomach inflammation (P 
= 0.05) and thymic atrophy (P = 0.02) lesion incidence was affected by BRW, but in opposite 
manners. Pigs with BRW < 1.00 kg had increased (P < 0.05) stomach inflammation compared to 
those with BRW greater than 1.51 kg. This resulted in stomach lesion incidence decreasing (P = 
0.03) linearly with increasing BRW. However, the severity score of stomach lesions was not 
affected (P = 0.21) by BRW. Meanwhile, pigs with BRW > 1.76 kg had increased (P < 0.05) 
thymic atrophy incidence compared to pigs with BRW < 1.00 kg and from 1.26 to 1.75 kg. This 
lesion incidence alone does not seem biologically relevant. However, the direction and 
magnitude of thymic atrophy follows that of Salmonella spp. B incidence. Salmonellosis has 
been associated with thymus lesions in beef cattle (Teuscher et al., 1988). In addition, the 
severity of thymic atrophy was significantly affected (P = 0.01) by BRW, as lesions from pigs 
with BRW > 1.76 kg had greater (P < 0.05) severity compared to lesions from all other pigs. 
Following the trend of E. coli incidence, thymic atrophy increased (P = 0.03) linearly with BRW. 
Although we reported a strong correlation between BRW and prevalence of Brachyspira spp. 
infection above, the extent of the disease was not reflected in lesion incidence. In fact, there were 
no effects (P > 0.12) of BRW on lesion incidence at week 22 post-weaning. 
While there was no effect of tADG on pathogen presence at week 3 post-weaning, it did 
affect the incidence of lesions in the large intestine (P = 0.03) and their severity (P = 0.02). 
Incidence and severity were greater (P < 0.05) in pigs from the 10
th
 and 30
th
 percentiles 
compared to those in the 70
th
 percentiles. Lesion incidence was not affected (P > 0.10) by tADG 
in any other measured organs at 3-weeks post-weaning. 
At 22-weeks post-weaning, tADG affected both lung (P = 0.03) and stomach (P = 0.04) 
lesion incidence, but again in opposite directions. Pigs from the 10
th
 percentile tADG had 
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decreased (P < 0.05) lung lesion incidence compared to pigs from the 30
th
 or 70
th
 percentiles. 
This effect is similar to that of the incidence of Brachyspira spp. infection. Severity score of lung 
lesions were not affected (P = 0.60) by tADG. Meanwhile, Pigs from the 10
th
 percentile tADG 
had greater (P < 0.05) stomach inflammation incidence and severity compared to those from the 
30
th
 or 70
th
 percentiles. Again, this effect again seems biologically irrelevant, it follows the same 
pattern of PCV2 incidence at 22-weeks post-weaning, and the pathogen has been clearly linked 
to lesions within the stomach and gastrointestinal tract (Chianini et al., 2003; Segalés et al., 
2004; Corrêa et al., 2008)   
Another method to determine severity of pathogen load is to determine the concentration 
of immune markers, such as immunoglobulins, cytokines, chemokines, and glutathione. An 
immune response results in the production of pro-inflammatory cytokines, the production of 
which require energy and nutrients that may have otherwise been used for growth (Broussard et 
al., 2003; Johnson, 1997; Spurlock, 1997). Gram-negative bacteria, such as the E. coli and 
Salmonella spp. B that were present in this experiment produce endotoxins, which increases cell 
sensitivity to an immune response and the ensuing production of pro-inflammatory cytokines 
(Pestka and Zhou, 2006). Drewe et al. (2001) has shown that epithelial wall integrity can be 
compromised during an immune response, allowing for increased translocation of pathogens. 
Additionally, Moeser et al. (2012) has recently reported that pigs with PFTS have decreased 
epithelial barrier function and altered mucosal morphology that were not only explained by low 
feed intake. Thus, the mucosal immune system is an integral part of immunity (Burkey et al., 
2009; Snoeck et al., 2006). However, there was no link (P > 0.20; Table 4) between BRW or 
tADG and serum of ileum mucosa IgA, IL-1β, IL-8, or total GSH. There were some numerical 
differences, such as light BRW pigs and pigs from the 10
th
 percentile tADG generally had 
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numerically decreased IgA concentrations in both the serum and mucosal scrapings compared to 
heavier or faster growing pigs. However, there was too much variation to draw any conclusions. 
This lack of effect was expected, given the poor correlation between pathogen incidence and 
BRW or tADG. Our values appear similar to those reported previously in the literature (Bourne, 
1973; Darwich et al., 2003; Danielsen et al., 2006; Kruse et al., 2008). However, there is very 
limited immune marker data with respect to mucosal scrapings, particularly during a disease 
challenge. Thus, our data are among the first to report mucosa immunoglobulin and cytokine 
concentrations during a natural PRRSV outbreak. 
Because the immune system has a high demand for trace elements to serve as cofactors in 
various metabolic pathways, we determined liver mineral concentrations. There were no effects 
(P > 0.11; Table 5) of BRW or tADG on liver cadmium, calcium, chromium, cobalt, copper, 
magnesium, manganese, molybdenum, phosphorus, potassium, selenium, sodium, or zinc 
concentrations. However, hepatic iron concentrations were affected by both BRW (P = 0.004) 
and tADG (P 0.0004). Pigs with BRW < 1.00 kg had greater (P < 0.05) iron concentrations than 
those with BRW from 1.51 to 1.75 kg. Additionally, pigs from the 10
th
 percentile had greater (P 
< 0.05) iron concentrations than those from the 70
th
 percentile of tADG. Iron concentrations 
decreased linearly (P < 0.01) with both increasing BRW and tADG. This effect was likely due to 
the residual iron injection (200 mg/mL Fe dextran) given within 48-hr of birth. Pigs have 
relatively low body Fe reserves at birth, and there is little Fe transfer in sow’s milk (Underwood, 
1977; Miller, 1981). Rapid growth and corresponding blood and hemoglobin development 
quickly utilizes Fe reserves, leaving the pig vulnerable to anemia (Henry and Apley, 1999). 
Historically, pigs have overcome this anemia by rooting in Fe-containing soil, but confinement 
conditions restrict a pig’s contact with soil. Thus, instigating the need for an Fe-dextran injection 
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to prevent anemia (Barber et al., 1955; McDonald et al., 1955). The stored iron from the Fe-
dextran injection is primarily utilized by pigs between 14-21 d of age. However, the iron stores 
may be available in the pig up to 8 weeks of age, particularly if pig growth is slow (Sladic-Simic 
and Cvetkovic, 1978). 
In summary, our data suggest that light birth weight and poor transition period ADG 
result in gastrointestinal lesions in some organs to various severities, and that Brachyspira spp. 
infection incidence is negatively correlated with BRW. However, poor tADG in pigs is not 
correlated with pathogens or immunological markers of enteric disease during a PRRSV 
outbreak. 
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Table 1. Effects of birth weight or transition ADG category on pathogen incidence
1
 
 
Birth Weight Category, kg  Transition ADG Category 
< 1.00 
1.00 to 
1.25 
1.26 to 
1.50 
1.51 to 
1.75 > 1.76 P =  10
th
 30
th
 70
th
 P = 
Week 3 post-weaning              
   n = 7 10 20 15 8   20 20 20  
   Incidence, %            
      Arcanobacterium pyogenes 0.0 10.0 5.0 0.0 0.0 0.54  0.0 5.0 5.0 0.44 
      Escherichia coli haemolytic
2
 0.0
b
 0.0
b
 35.0
a
 20.0
ab
 37.5
a
 0.02  25.0 25.0 15.0 0.66 
      Haemophilus parasuis 14.3 10.0 30.0 20.0 25.0 0.73  20.0 15.0 30.0 0.51 
      PCV2
3
 0.0 0.0 5.0 6.7 0.0 0.69  0.0 5.0 5.3 0.44 
      PRRSV (NA)
4
 100.0 100.0 100.0 100.0 100.0 -  100.0 100.0 100.0 - 
      PRRSV (EU)
5
 - - - - - -  - - - - 
      Rotavirus serogroup A 14.3 30.0 0.0 13.3 25.0 0.08  5.0 15.0 20.0 0.32 
      Rotavirus serogroup B 0.0 0.0 0.0 6.7 12.5 0.38  5.0 5.0 0.0 0.44 
      Rotavirus serogroup C 0.0 20.0 10.0 13.3 0.0 0.38  10.0 5.0 15.0 0.56 
      Salmonella spp. B
6
 42.9
ab
 10.0
b
 15.0
b
 40.0
ab
 62.5
a
 0.02  25.0 30.0 35.0 0.79 
      Streptococcus suis 0.0 20.0 15.0 0.0 0.0 0.11  10.0 5.0 10.0 0.79 
Week 22 post-weaning              
   n = 7 16 17 13 7   20 20 20  
   Incidence, %            
      Brachyspira spp. 57.1
a
 12.5
ab
 17.6
ab
 7.7
b
 0.0
b
 0.05  0.0
b
 30.0
a
 20.0
ab
 0.01 
      Haemophilus parasuis 0.0 6.3 0.0 0.0 0.0 0.61  0.0 0.0 5.0 0.33 
      Lawsonia intracellularis 0.0 0.0 0.0 0.0 0.0 -  0.0 0.0 0.0 - 
      Pasteurella multocida A 0.0 6.3 5.9 0.0 0.0 0.65  5.0 5.0 0.0 0.44 
      PCV2
3
 0.0 18.8 17.6 30.8 0.0 0.15  35.0
a
 5.0
b
 10.0
b
 0.03 
      PRRSV (NA)
4
 42.9 31.3 35.3 15.4 0.0 0.14  25.0 20.0 35.0 0.55 
      PRRSV (EU)
5
 0.0 0.0 0.0 0.0 0.0 -  0.0 0.0 0.0 - 
      Salmonella spp. B 14.3 0.0 11.8 7.7 0.0 0.37  5.0 10.0 5.0 0.78 
1
There were no (P > 0.38) birth weight category × transition ADG category interactions.
 
2
Linear effect for birth weight, P = 0.04. 
3
Porcine Circovirus Type 2 
4
Porcine Reproductive and Respiratory Syndrome Virus, North American genotype 
5
Porcine Reproductive and Respiratory Syndrome Virus, European genotype 
6
Quadratic effect for birth weight, P = 0.02.
 
ab
Means within a row that do not share a common superscript differ P < 0.05. 
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Table 2. Correlations between pathogen incidence and birth weight or transition ADG. 
 Correlations with Birth Weight  Correlations with Transition ADG 
Variable Coefficient P =  Coefficient P = 
Week 3 post-weaning        
   Arcanobacterium pyogenes - 0.65  - 0.51 
   Escherichia coli haemolytic - 0.09  - 0.94 
   Haemophilus parasuis - 0.27  - 0.73 
   PCV2
1
 - 0.58  - 0.35 
   PRRSV (NA)
2
 - -  - - 
   PRRSV (EU)
3
 - -  - - 
   Rotavirus serogroup A - 0.91  - 0.14 
   Rotavirus serogroup B - 0.06  - 0.12 
   Rotavirus serogroup C - 0.93  - 0.50 
   Salmonella spp. B
3
 - 0.46  - 0.12 
   Streptococcus suis - 0.68  - 0.34 
Week 22 post-weaning        
   Brachyspira spp. -0.881 0.05  - 0.65 
   Haemophilus parasuis - 0.63  - 1.00 
   Lawsonia intracellularis - -  - - 
   Pasteurella multocida A - 0.71  - 0.26 
   PCV2
1
 - 0.77  - 0.43 
   PRRSV (NA)
2
 - 0.07  - 0.17 
   PRRSV (EU)
3
 - -  - - 
   Salmonella spp. B - 0.36  - 0.25 
1
Porcine Circovirus Type-2 
2
Porcine Reproductive and Respiratory Syndrome Virus, North American genotype 
3
Porcine Reproductive and Respiratory Syndrome Virus, European genotype 
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Table 3. Effects of birth weight or transition ADG category on lesions incidence1 
 
Birth Weight Category, kg  Transition ADG Category 
< 1.00 1.00 to 1.25 1.26 to 1.50 1.51 to 1.75 > 1.76 P =  10th 30th 70th P = 
Week 3 post-weaning              
   n = 7 10 20 15 8   20 20 20  
   Lesion incidence, %            
      Brain 0.0 0.0 5.0 6.7 0.0 0.69  5.0 5.0 0.0 0.44 
      Heart 14.3 20.0 15.0 33.3 25.0 0.74  20.0 30.0 15.0 0.51 
      Kidney 0.0 0.0 0.0 0.0 0.0 -  0.0 0.0 0.0 - 
      Large intestine2 71.4 40.0 40.0 53.3 50.0 0.64  65.0a 55.0a 25.0b 0.03 
      Liver 85.7 70.0 55.0 80.0 62.5 0.43  75.0 65.0 65.0 0.73 
      Lung 100.0 100.0 100.0 100.0 100.0 -  100.0 100.0 100.0 - 
      Lymph nodes 85.7 70.0 90.0 93.3 100.0 0.30  85.0 90.0 90.0 0.86 
      Nasal turbinate 12.9 60.0 30.0 60.0 25.0 0.24  45.0 55.5 30.0 0.27 
      Pancreas 0.0 0.0 0.0 0.0 0.0 -  0.0 0.0 0.0 - 
      Small intestine 71.4 50.0 55.0 53.3 75.0 0.73  65.0 65.0 45.0 0.34 
      Spleen 0.0 0.0 5.0 6.7 12.5 0.64  5.0 5.0 5.0 1.00 
      Stomach3 28.6a 10.0ab 15.0ab 0.0b 0.0b 0.05  10.0 15.0 5.0 0.56 
      Thymus4 0.0b 10.0ab 0.0b 0.0b 37.5a 0.02  15.0 5.0 0.0 0.10 
Week 22 post-weaning            
   n = 7 16 17 13 7   20 20 20  
   Lesion incidence, %            
      Brain 0.0 0.0 0.0 0.0 0.0 -  0.0 0.0 0.0 - 
      Heart 0.0 0.0 0.0 7.7 0.0 0.54  0.0 0.0 5.0 0.33 
      Kidney 14.3 18.8 17.6 7.7 14.3 0.92  15.0 20.0 10.0 0.67 
      Large intestine 100.0 81.3 58.8 61.5 71.4 0.12  60.0 85.0 70.0 0.20 
      Liver 28.6 18.8 17.6 0.0 14.3 0.26  10.0 25.0 10.0 0.33 
      Lung5 100.0 93.8 94.1 92.3 100.0 0.79  85.0b 100.0a 100.0a 0.03 
      Lymph nodes 14.3 0.0 0.0 0.0 14.3 0.20  5.0 0.0 5.0 0.44 
      Nasal turbinate 14.3 12.5 17.6 7.7 28.6 0.80  10.0 15.0 20.0 0.67 
      Pancreas 42.9 6.3 17.6 23.1 14.3 0.34  15.0 20.0 20.0 0.89 
      Small intestine 0.0 0.0 0.0 0.0 0.0 -  0.0 0.0 0.0 - 
      Spleen 0.0 0.0 0.0 0.0 0.0 -  0.0 0.0 0.0 - 
      Stomach6 14.3 12.5 5.9 7.7 0.0 0.74  20.0a 0.0b 5.0b 0.04 
      Thymus 0.0 0.0 0.0 0.0 0.0 -  0.0 0.0 0.0 - 
1There were no (P > 0.39) birth weight category × transition ADG category interactions. If lesion incidence was significant, lesion severity was analyzed according to the following scale: 0 = no lesion, 1 
= mild, 2 = moderate, 3 = severe. 
2Linear effect for transition ADG, P = 0.01. Severity scores of lesions were significant for ADG (P = 0.02; 1.15, 0.75, 0.16 for 10th, 30th, and 70th percentiles, respectively; SEM = 0.239). 
3Linear effect for birth weight, P = 0.03. Severity scores of lesions were not significant (P = 0.21) for birth weight. 
4Severity scores of lesions were significant for birth weight (P = 0.01; 0.00, 0.07, 0.00, 0.00, 0.33 for < 1.00, 1.00 to 1.25, 1.26 to 1.50, 1.51 to 1.75, and >1.76, respectively; SEM = 0.081). 
5Severity scores of lesions were not significant (P = 0.60) for transition ADG. 
6Severity scores of lesions were significant for ADG (P < 0.0001; 0.49, 0.00, 0.04 for 10th, 30th, and 70th, respectively; SEM = 0.069). 
abMeans within a row that do not share a common superscript differ P < 0.05. 
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Table 4. Effects of birth weight or transition ADG category on immune marker concentrations at 3 weeks post-weaning
1,2
 
 
Birth Weight Category, kg  Transition ADG Category 
< 1.00 
1.00 to 
1.25 
1.26 to 
1.50 
1.51 to 
1.75 > 1.76 
Pooled 
SEM P =  10
th
 70
th
 
Pooled 
SEM P = 
n = 6 6 14 9 5    20 20   
Serum             
   IgA, ng/mL 482 564 558 592 539 83.2 0.54  532 571 68.7 0.94 
   IL-1β , ng/mL 0.126 0.115 0.158 0.091 0.104 0.0550 0.84  0.129 0.109 0.3542 0.70 
   IL-8, ng/mL 0.452 0.426 0.570 0.558 0.607 0.1385 0.77  0.508 0.538 0.0894 0.66 
   Total GSH, nM/mL 6,247 6,432 6,340 6,984 6,543 722.0 0.94  6,833 6,201 468.7 0.45 
Ileal mucosa             
   IgA, ng/g 15,236 30,947 32,220 25,102 50,434 12,761.7 0.64  24,594 36,879 8,254.3 0.70 
   IL-1β, ng/g 48 54 53 53 53 3.3 0.81  54 50 2.2 0.21 
   IL-8, ng/g 1370 1460 1410 1520 1450 97.0 0.86  1500 1390 63.0 0.22 
  Total  GSH, nM/g  578 530 543 530 517 33.4 0.80  523 554 21.5 0.36 
1
There were no (P > 0.15) birth weight category × transition ADG category interactions.
 
2
Analysis was performed after log transformation, but means and standard errors represent untransformed values. 
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Table 5. Effects of birth weight or transition ADG category on liver mineral concentration at 3 weeks post-weaning
1
 
 
Birth Weight Category, kg  Transition ADG Category 
< 1.00 
1.00 to 
1.25 
1.26 to 
1.50 
1.51 to 
1.75 > 1.76 Pooled SEM P =  10
th
 30
th
 70
th
 
Pooled 
SEM P = 
n = 7 10 20 15 8    20 20 20   
Concentration, µg/g               
   Cadmium 0.005 0.005 0.006 0.006 0.005 0.0006 0.63  0.005 0.005 0.006 0.0004 0.67 
   Calcium 72 98 95 76 75 45.0 0.16  83 91 82 6.3 0.49 
   Chromium 0.10 0.10 0.10 0.08 0.06 0.027 0.74  0.12 0.07 0.08 0.018 0.12 
   Cobalt 0.006 0.006 0.006 0.005 0.006 0.0004 0.15  0.006 0.005 0.006 0.0012 0.16 
   Copper 8 12 13 12 10 2.2 0.56  13 10 11 1.6 0.45 
   Iron
2
 195
a
 146
ab
 127
ab
 85
b
 107
ab
 18.7 0.004  165
a
 122
ab
 84
b
 13.4 0.0004 
   Magnesium 199 208 213 198 204 7.2 0.42  209 203 205 5.4 0.77 
   Manganese 2.3 2.4 2.8 2.6 2.7 0.15 0.11  2.5 2.5 2.8 0.11 0.09 
   Molybdenum 0.46 0.54 0.63 0.48 0.52 0.066 0.25  0.53 0.54 0.55 0.049 0.99 
   Phosphorus 2,790 2,886 3,115 2,814 2,899 126.9 0.21  3,028 2,926 2,841 94.5 0.38 
   Potassium 3,207 3,390 3,388 3,287 3,239 113.1 0.70  3,325 3,348 3,292 82.71 0.89 
   Selenium 0.49 0.53 0.56 0.48 0.50 0.036 0.43  0.53 0.51 0.51 0.027 0.86 
   Sodium 636 782 755 679 670 52.9 0.23  699 774 671 38.5 0.16 
   Zinc 246 256 265 247 213 27.4 0.74  253 241 256 20.0 0.85 
1
There were no (P > 0.26) birth weight category × transition ADG category interactions.
 
2
Linear effects for both birth weight and transition ADG, P < 0.01.
 
ab
Means within a row that do not share a common superscript differ P < 0.05.
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CHAPTER 7. GENERAL CONCLUSIONS 
General Discussion 
 The vast quantity of data contained within this dissertation confirmed some of our 
hypotheses, but also revealed some surprising results. In experiment 1, fallback pigs were 
identified as those that we within the lightest ADG and lightest WW category, as well as the 
lightest ADG and median WW category. One clear finding is that fallback from normal 
performance is highly associated with low energy intake. We are unsure if this phenomena is 
affected by physiological regulation, genotype, or thermoneutrality; but the ratio of 
predicted:actual ME intake was decreased in fallback pigs. This suggests that at least one 
component of the Energyintake = Energymaintenance + Energyprotein accretion + Energylipid accretion 
equation is altered. Because Energyintake, protein deposition rate, and lipid deposition rate 
were determined directly, there are 3 possible incorrect variables: Energymaintenance, efficiency 
of protein deposition (kp), and efficiency of lipid deposition (kl). The differences in intestine 
and stomach weights between fallback and normal pigs, even after being equalized for 
metabolic body weight, indicate that perhaps Energymaintenance has been incorrectly estimated 
for the fallback pig. This hypothesis is strengthened by the similar carcass compositions 
reported between fallback pigs and their contemporaries, which would suggest similar 
efficiencies for tissue deposition.   
 The causative agent for fallback pigs to have an increased Energymaintenance is more 
difficult to elucidate. Energymaintenance is comprised of Energyfasting heat production + Energyactivity. 
Because pigs were maintained in individual metabolism cages, one can assume that 
Energyactivity would be similar among all pigs, regardless of fallback status. Thus, the 
differences in Energyintake may be explained by an inaccurate assumption of Energyfasting heat 
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production. Unfortunately, Energyfasting heat production is made up of many variables, including 
energy required for respiration, circulation, ATPase pumps, water and electrolyte balance, 
acid-base balance, protein turnover, muscle tone, immune maintenance, and thermal 
regulation.  
 The research within this dissertation has eliminated some of these variables from 
consideration. Fallback pigs were found to not have differences in many blood metabolites, 
ileal morphology  or nutrient uptake, which decreases the likelihood that they have 
differences in electrolyte balance, acid-base balance, ATPase pumps, protein balance, or 
muscle tone – at least when equalized for body weight. Surprisingly, fallback from normal 
performance was not associated with pathogen incidence. Fallback pigs are possibly more 
dehydrated than their contemporaries, and correcting for this dehydration may slightly 
increase their maintenance cost. However, we hypothesize that fallback pigs require a 
different Energymaintenance exponent than their contemporaries because they have a greater 
Energyfasting heat production primarily due to increased energy required for thermal regulation. 
Because barn climate is maintained for average weight pigs, fallback pigs are often 
maintained in an environment that is below their lower critical temperature limit. In addition, 
fallback pigs have lower feed intake than their contemporaries and therefore lower heat of 
digestion and metabolism, which exacerbates their cold stress. These suspicions were 
confirmed because we found the opposite effect in pigs from the HWW2 and HWW3 
categories, as presented in Chapter 3. Although not clinically heat stressed because their 
energy intakes remained high, the heavy pigs were likely approaching their upper critical 
temperature limit because we again saw variation between the calculated ME intake:actual 
ME intake variation in these pigs. Thus, we hypothesize that Energyintake was the primary 
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factor causing fallback from normal performance. However, cold stress may have increased 
the Energymaintenance in fallback pigs, as well. 
 While these findings were conclusive, our two experiments yielded conflicting results 
regarding nutrient digestibility. The total tract digestibility of nutrients was more precisely 
measured in the first experiment, and differences were apparent. However, there were no 
differences in total tract nutrient digestibility in the second experiment, where nutrient 
digestibility values were likely more representative of pigs in a commercial setting. 
Unfortunately, we cannot definitively conclude if differences in nutrient digestibility exist 
between fallback pigs and their normal contemporaries. We suspect that some differences do 
exist, but additional research is required to more precisely study this effect in a commercial 
environment. 
 Finally, we were surprised to find that birth weight did not affect transition ADG, and 
that it had little effect on pathogen incidence. Data from chapters 5 and 6 are extremely 
valuable because it is, to our knowledge, the only data available regarding growth 
performance, nutrient digestibility, and carcass composition during a natural PRRSV 
outbreak in a commercial barn. However, this also means that the data must be interpreted 
with great caution, and it would be inappropriate to extrapolate these findings to pigs without 
a similar PRRSV outbreak, as PRRSV may have diluted our ability to detect differences in 
other pathogens and certainly affected mortality and growth performance.   
 In conclusion, we have demonstrated for the first time that fallback pigs differ from 
their normal contemporaries in feed intake, relative intestine and stomach weights, tissue 
deposition rates, energy utilization, energy retention, and mortality. Meanwhile, our data 
suggest that nursery fallback performance is not affected by birth weight. We have shown 
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conclusively that feed efficiency, carcass composition, intestinal absorptive capacity, and 
pathogen incidence is not different between fallback pigs and their normal contemporaries. 
We hypothesize that these novel findings are caused by fallback pigs having dysregulation of 
orexigenic or anorexigenic hormones and a greater Energymaintenance requirement due to 
decreased ability to regulate thermoneutrality, but not variations in intestinal architecture or 
regulators of the somatotropic axis or oxidative stress.  
Recommendations for Fallback Pig Management and Future Research 
The findings from this research can provide insight into both the prevention and 
management of fallback pigs. Some of these recommendations can be implemented directly 
with relatively little cost, difficulty, and in a short amount of time. Other recommendations 
would be more costly, extensive, and require a longer implementation time. An in-depth 
economic analysis of the effect of fallback pigs within a system would be important to 
determine the impact that these pigs have within the industry. This analysis would provide 
insight into the magnitude of time and money that the industry should provide for additional 
fallback pig research. 
Prevention 
Genetic selection 
The genetic component of fallback pigs must be determined. There is currently no 
research regarding the up- or downregulation of metabolic pathways between slow- and fast-
growing pigs; and these results could provide valuable insight into both nutrition and genetic 
selection. Additionally, uterine capacity and delivery of nutrients in utero can alter the 
incidence of fallback pigs. Increasing sow uterine capacity by genetic selection would 
prevent some uterine crowding that causes IUGR.  
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Nutrition 
Even with increased uterine capacity, one would still need to ensure fetuses are 
receiving adequate nutrition, especially those fetuses located within the interior portions of 
each horn. Specifically, we hypothesize that Arg may need to be supplemented to gestating 
sows at a greater concentration in order to serve as a precursor for nitric oxide production to 
ensure sufficient uteroplacental blood flow. This hypothesis needs to be confirmed by 
additional research. 
Postnatal prevention strategies include identifying the actual maintenance 
requirements of pigs with different weights and growth rates; an area of research that 
warrants more attention. More accurate maintenance equations would enable nutritionists to 
formulate diets that match the nutrient requirements of pigs, improving both environmental 
sustainability and cost effectiveness. However, determining these maintenance requirements 
more precisely would require indirect calorimetry, an infrastructure that is inexpensive and 
currently unavailable within the United States. 
Finally, our research suggests that decreasing the variability in feed intake would help 
prevent fallback pigs. These pigs clearly have decreased intake compared to their 
contemporaries, and the biology behind this must be further elucidated. One must first clarify 
if this variability in feed intake can be overcome by utilizing flavorants or chemotactic agents 
in fallback pigs, or if it is due to dysregulation of feed intake regulation. 
Management 
Although it would be preferential to prevent fallback pigs, we still need to understand 
their current management to minimize their detrimental impact on net returns. It is obvious 
that energy intake must be maximized in order to limit fallback from normal performance, 
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and thus increasing the energy density of diets is recommended for pigs that are beginning to 
fallback from normal growth performance. If our hypothesis regarding differences in 
thermoneutrality is true, both light weight pigs and those displaying potential for becoming 
fallback pigs must be carefully watched for cold stress. A sub-climate created by brooders or 
heat lamps may help fallback pigs maintain thermoneutrality, allowing more energy to be 
utilized for growth. Finally, some variation within a barn is inevitable. This variation can be 
detected at an early age, and thus fallback barns or alternate hoop facilities may help increase 
the turnover rate of fully-slatted facilities while allowing fallback pigs to continue to grow to 
minimize market weight penalties and preserve all-in/all-out biosecurity procedures. 
 In conclusion, this dissertation is the first to evaluate the biological and physiological 
differences between fallback pigs and their contemporaries. Pigs fall back from performance 
primarily due to poor energy intake, but this effect is compounded by possibly greater 
maintenance costs associated with thermoregulation. We were unable to conclusively 
determine if differences in nutrient digestibility exist among fallback pigs and their cohorts, 
but we were surprised to find that birth weight is not related to periweaning fallback during a 
PRRSV outbreak. Additional research is necessary to confirm our findings and more 
completely explain some of the mechanistic differences. However, we have uncovered many 
novel findings regarding fallback pig physiology, which has allowed us to propose additional 
research avenues and management recommendations. 
